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While many studies have probed the behavior of nanomaterials in the environment, few studies have 
attempted to address the detailed chemical pathways controlling how nanomaterials interact with 
biomolecules and organisms. We recently showed that high-valent Co-containing nanomaterials can 
oxidize NADH ( an essential biomolecule) and in turn NADH reduces LiCoO2 and thereby accelerates 
release of Co2+  from the nanoparticle. This oxidation-reduction interaction creates two parallel 
pathways to environmental impact.  The present work systematically studies the specific sub-molecular 
components of NADH and how each component is involved in the nanoparticle-biomolecule interaction. 
Our data show that phosphate groups play a key role in the interaction of NADH with LiCoO2 nanosheets 
by binding strongly to the LiCoO2 surface and thereby facilitating electron transfer from the 
nicotinamide group to LiCoO2. Similar results are also presented for ribose functionalities and using 
Mn2O3 as a second example high-valent oxide.  These results are important to environmental science 
because they provide key insights into cross-species unifying mechanisms of interaction between 
nanomaterials and biological systems of potential environmental relevance. The direct interaction of 
nanoparticles with biomolecules that are part of cellular respiration has important consequences for 
understanding and predicting the potential environmental consequences of nanomaterials.  
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Understanding Reaction Mechanisms of 
Nicotinamide Adenine Dinucleotide 
(NADH) with Lithium Cobalt Oxide and 
Other Metal Oxide Nanomaterials
Catherine E. Kruszynski Earla, Austin H. Henkea, Elizabeth D. 
Laudadioa, and Robert J. Hamersa*

Abstract 

High-valent metal oxides such as LiCoO2 and related materials are of 
increasing environmental concern due to the large-scale use in lithium-ion 
batteries and potential for metal ion release into aqueous systems. A key 
aspect of the environmental chemistry of these materials is the potential role 
redox chemistry plays in their transformations as well as their influence on 
the surrounding environment (i.e., biomolecules, organisms etc.). In recent 
work, we showed that LiCoO2 (a common lithium-ion battery cathode 
material) oxidizes nicotinamide adenine dinucleotide (NADH), an essential 
molecule for electron transport, and enhances Co release from LiCoO2. In the 
present work, we investigated the mechanism of interaction by examining the 
role of the ribose, phosphate, adenosine, and the nicotinamide components 
of NADH in the transformation of LiCoO2 nanoparticles. To build an 
understanding of the interaction mechanism, we used fluorescence 
spectroscopy to measure the changes in redox state and inductively coupled 
plasma-mass spectrometry (ICP-MS) to measure the changes in dissolved Co. 
Our results reveal the importance of surface binding, via the phosphate 
functionality, in initiating the redox transformation of both the LiCoO2 and the 
NADH. Observations from X-ray photoelectron spectroscopy (XPS) data show 
that molecules containing phosphate were bound to the surface of the 
nanoparticles and those without that functionality were not. We further 
established the generality of the results with LiCoO2 by examining other high-
valent transition metal oxides. This surface binding effect has implications for 
understanding how other phosphorylated species can be transformed 
directly in the presence of high-valent metal oxide nanomaterials. 

Introduction

Assessing the environmental impact of nanomaterials requires 
an understanding of both how nanoparticles transform the 
environment and how the nanoparticles are transformed by the 
environment.1-4 Among the nanomaterials being produced on 
commercial scales, metal oxides are the most commonly used 
composition, and the release of metals from metal oxides 
represents a possible route to toxicity for many organisms in the 
environment.5-9  Consequently, there is great interest in 
understanding the factors that influence transformation of 
metal oxides as well as the chemical mechanisms by which 
metal oxides interact with biological systems. Among these, 
LiCoO2 and the broader family of “NMC” compositions 
(LiNixMnyCo1-x-yO2, x,y < 1) represents a family of related 
compositions whose use is expanding rapidly due to their role 
as the cathode materials in lithium ion batteries. Due to this 
high volume of production10-13 (>50 kg per electric vehicle) and 
known toxicity of Co to different organisms,6, 14 LiCoO2 and 
related NMC compositions can serve as an effective model 
system for understanding environmental transformations and 
impact of high-volume nanomaterials used in emerging energy 
storage technologies.15-19 

Transformation of metal oxides and release of free metals 
typically requires a protonation step to form metal hydroxides 
at the nanoparticle surface. In the case of high-valence metal 
oxides, however, the oxidation state of the metal is also of 
critical importance because metal ions in high oxidation states 
frequently have much lower solubility compared with metal 
ions in lower oxidation state.20, 21 For example, Co(OH)3 has a 
solubility product of ~ 10-43, while that of Co(OH)2 is 2.5x10-16.20, 

22 These  values indicate that  at pH=7, Co3+ can only be present 
up to concentration of ~10-21 M  and is therefore effectively 
insoluble, while Co2+ can be stable at concentrations close to 1 
M. Since Co exists in the +3 state within solid LiCoO2, it would 
be expected to exhibit high stability in aqueous media. 
However, studies of LiCoO2 and related molecules under 
laboratory conditions have frequently observed significant 
release of Co at concentrations vastly exceeding the 
aforementioned values.15, 23, 24 As a result, it can be concluded 
the oxidation-reduction chemistry must also be taking place, 
with the metal oxide being reduced by one or more solution 
components.  We recently showed that NADH, an important 
molecule in cellular respiration, interacts strongly with LiCoO2 
via oxidation-reduction (“redox”) chemistry. NADH reduces the 
Co3+ to Co2+ and accelerates the release of Co2+ into the aqueous 
phase, while NADH itself becomes oxidized.  These two 
processes: (1) accelerated release of Co and (2) oxidation of 
NADH to NAD+, both have the potential to lead to biological 

a.Dept. of Chemistry, University of Wisconsin-Madison, 1101 University Avenue, 
Madison WI 53706, USA

†Electronic Supplementary Information (ESI) available: Media composition; SEM 
images; time-course metal release data; XRD data of starting materials; analysis of 
XPS data; Fluorescence characterization of Nico. See DOI: 10.1039/x0xx00000x
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impact.  While the influence of NADH is strong, work to date has 
not elucidated the salient molecular features of NADH 
responsible for inducing these transformations, nor has prior 
work established whether the above mechanisms can be 
generalized to a broader range of compositions and 
environmentally relevant molecules.

Here, we aim to understand the specific features of NADH 
that are necessary in order to activate this process. The NADH 
molecule (Figure 1) is made up of four primary components: 1) 
a nicotinamide group that is the major center of redox in cellular 
processes, 2) an adenine nucleotide, 3) ribose sugars, and 4) a 
bridging diphosphate. To understand how each of these 
functionalities interacts with LiCoO2, we investigated the 
interaction of the nanoparticles with NADH and with several 
commercially available compounds bearing the salient 
components. Figure 1 shows the molecules investigated here: 
D-ribose-5-phosphate (“Ribose-PO4”),1-methyl-1,4-
dihydronicotinamide (“Nico”), and adenosine monophosphate 
(AMP). We hypothesized that if phosphate was responsible for 
surface attachment, Ribose-PO4 and AMP would exhibit greater 
binding to LiCoO2. Alternatively, if the nicotinamide group is 
responsible for redox reaction without phosphate binding 
required, Nico would reproduce the enhanced Co release and a 
decrease in fluorescence as seen with NADH. If both binding and 
reducing strength are needed in the same molecule to see any 
effect, these experiments could show that both components of 
NADH are needed to react with LiCoO2. Furthermore, we tested 
particles exposed to both Nico and Ribose-PO4 to see if there 
were synergistic effects of separate molecules to recapture 
what was seen with NADH. Lastly, we studied the dissolution 
behavior of LiCoO2 in the presence of other ribose derivatives 
(Figure 1) to understand the importance of the phosphate 
moiety.

Since ribose sugars are also redox active, in their ring-
opened form, the amount of Co released after exposure can be 
used to determine the effect of the phosphate moiety. We 
hypothesized that molecules with the phosphate moiety would 
show an increase in Co release similar to what we observe with 
NADH, even though NADH does not show a similar ring-opened 
form, because they are both redox active.  We extended this 
investigation to nanomaterials of metal oxides other than 
LiCoO2, such as NiO and Mn2O3, since transition metals 
sometimes behave similarly in environmental transformations, 
such as coordination with small organic acids,25-28 reduction by 
bacteria,29-35 or effects of pH.36 However, this may not be the 
case on the nanomaterial scale, with LiCoO2 being a Li-
intercalation compound, or since the reaction with NADH is 
potentially surface-driven (i.e., site-specific). Determining if 
reaction mechanisms of LiCoO2 with reducing biomolecules can 
be extended to other metal oxide compounds would be useful 
in assessing environmental toxicity of nanomaterials and 
understanding natural interaction of microbes with mineral 
surfaces.

Experimental
Nanoparticle synthesis and characterization.

Sheet-like nanoparticles of cobalt hydroxide Co(OH)2 and 
LiCoO2 were synthesized following procedures we described 
previously.37 Briefly, Co(OH)2 nanosheets were prepared by 
precipitation, and the Co(OH)2 precursor was then converted to 
LiCoO2 using a molten salt flux consisting of  a 6:4 molar ratio of 
LiNO3:LiOH at 200 °C. All solutions in this study were prepared 
from nanopure water (Barnstead Genpure System, resistivity ≥ 
18.2 MΩ∙cm). Mn2O3  (~50 nm diameter) and NiO (~80 nm 
diameter) nanoparticles were obtained from U.S. Research 
Nanomaterials. While the supplier labelled these materials as 
MnO2 and Ni2O3, respectively, we performed x-ray diffraction 
analysis to check the crystal structure and phase purity; our 
measurements (Supporting Information, Figure S1) showed that 
the actual compositions correspond to Mn2O3 and NiO, 
respectively. Here, we refer to the nanoparticles based on their 
actual composition. 
Powder x-ray diffraction (XRD) patterns were obtained for each 
sample using a Bruker D8 Advance diffractometer equipped 
with a copper Kα source and 6 mm slit width. Samples for XRD 
analysis were prepared by affixing nanoparticle powder onto a 
B-doped silicon crystal zero-diffraction plate (MTI Corporation) 
by drop-casting a slurry. Specific surface area measurements of 
~0.1 g vacuum-dried samples were determined by nitrogen 
physisorption (Micromeritics Gemini VII 2390 surface area 
analyzer) and Brunauer-Emmett-Teller (BET) analysis. 38 The 
nanoparticles were imaged using scanning electron microscopy 
(SEM) (LEO Supra55 VP field-emission), with typical images 
shown in Supporting Information Fig. S2.  These images show 
that LiCoO2 nanoparticles form in a sheet-like morphology, with 
typical thickness of ~5 nm and diameter ~30 nm, consistent with 
previous characterization data.39, 40  Co(OH)2 also form at sheet-
like plates (See Fig. S2B). 39 All samples were prepared by drop-
casting a dilute solution of nanoparticles onto a P-doped silicon 
wafer. Dynamic light scattering (DLS) (Malvern Zetasizer Nano 
ZS) was used to measure hydrodynamic diameter of the 
nanoparticles. Samples were prepared by sonicating a 200 mgL-1 
nanoparticle/ultrapure water solution at 6 kHz for one hour and 
then diluting the solutions to 10 mgL-1 immediately before 
analysis. 

Media composition. 
To facilitate understanding of how redox properties of 
nanoparticles impact biological systems, we use a model 
bacterial growth medium with minimal constituents (“minimal 
medium” with dextrose), prepared using nanopure water with 
various salts, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) buffer, and dextrose, adjust to pH=7 with NaOH; 
the full composition is described in the Supporting Information 
(Table S1).  This composition was chosen based on its 
widespread use in biological studies and as a model medium to 
link the transformations investigated here with their biological 
impact, to be investigated separately. 
NADH reduced disodium salt (Sigma Aldrich), 1-methyl-1,4-
dihydronicotinamide (Cayman Chemical), D-ribosephosphate 
disodium salt (Sigma Aldrich), D(-)-ribose (Sigma Aldrich), and 
Methyl beta-D-Ribofuranoside (TCI America)  were obtained 
from commercial sources and used as received. Solutions were 
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prepared for each molecule of interest by dissolving in minimal 
medium to a concentration of 0.5 mM. This concentration was 
chosen because it is relevant to concentrations of these 
molecules found in cells 41, 42 and it produces suitable 
fluorescence signals for NADH and Nico solutions. In the case of 
solutions with two species combined, solutions had a 
concentration of 0.5 mM of each molecule. Nanoparticles were 
introduced at 1 mg∙mL-1 concentration into 4 mL vials. The 
sealed vials were protected from light and placed on an orbital 
shaker for 24 h. The samples were then centrifuged at 13,100 

 g for 20 min (Eppendorf MiniSpin plus) and the supernatant ×
was collected and filtered through 0.1 μm porosity syringe filter 
cartridges (Millex VV) to remove residual nanoparticles, a 
separation procedure that we have used in previous studies and 
confirmed removal of nanoparticles.43 All experiments were 
performed in at least triplicate, and error bars represent 
standard error of the mean.

Molecules Investigated.
In the work reported here, we investigated several molecules of 
interest.  Figure 1 shows the structure of these molecules.  
Within NADH, the nicotinamide moiety at the upper right is the 
functionality generally associated with the oxidation-reduction 
of NADH.44, 45 In addition, NADH also contains an adenosine 
monophosphate and a ribose sugar ring.  In Fig. 1, Ribose and 
Ribose-PO4 are able to tautomerize into the linear form 
depicted in Fig. 1C and 1E; this linear “aldose” structure 
presents an aldehyde group that is generally associated with the 
ability of ribose to act as a reducing sugar.  Notable, however, 
the ribose within NADH is not able to undergo this 
tautomerization due to the presence of other substituent 
groups at the relevant position around the sugar ring.

Quantification of NADH and Nico via fluorescence.
The concentration of NADH in samples was determined via 
fluorescence using an ISS K2 photon-counting 
spectrofluorometer, using measurement conditions similar to 

those reported previously.46, 47 Samples were placed in a fused 
silica cuvette at room temperature, excited at λex = 338 nm, and 
the emission spectrum was measured between λ em = 400 and  
λem =550 nm with a step size Δλ = 1 nm and integration time of 
1 s per step. NADH exhibits an emission peak at λem ≈ 455 nm, 
whereas oxidized NAD+ does not. The intensity was background-
subtracted using a blank consisting of minimal medium with 
dextrose. To ensure consistency of fluorescence measurements 
across the entire time scan of this study, on a daily basis we also 
measured the fluorescence intensity from a solid 
tetraphenylbutadiene standard and normalized spectra to this 
standard. Concentrations of NADH were determined using a 
calibration curve made using NADH standards prepared at 
different concentrations in media. Solutions of Nico were 
treated in the same manner, except with different excitation 
and emission wavelengths optimized experimentally. Nico 
contains the same fluorescent nicotinamide moiety as NADH, 
but to our knowledge its fluorescence properties have not been 
reported previously. We measured the spectroscopic properties 
of 0.5 mM Nico in an excitation-emission matrix range of λex = 
300 – 400 nm and λem = 340 – 540 nm, yielding the results shown 
in Supporting Information Figure S3. Based on these 
measurements, we used λex = 328 nm for excitation and λem = 
340 – 540 nm (with peaks at 382 nm and 450 nm) for further 
quantification studies. To confirm that the fluorescence of Nico 
arises only from its intact (reduced) form, we performed an 
oxidative control experiment (Figure S4); this control 
experiment shows that only the reduced form of Nico shows 
significant fluorescence.

Quantification of metal release.
We used inductively coupled plasma mass spectrometry (ICP-
MS) to measure dissolved metal ion concentrations in samples 
after centrifugation/filtration. Preliminary measurements were 
performed on Shimadzu ICPMS-2030, but later samples were 
analyzed using an Agilent 8900 ICP-QQQ triple-quadrupole IC-
MS. Samples were diluted 500:1 dilution to reduce salt 
concentrations from the minimal media with dextrose matrix 
and were acidified using 2.5% HNO3 before analysis. We 
quantified metal concentrations using 59Co, 60Ni, and 55Mn ion 
signals and referencing to a 100 ppb yttrium internal standard. 
Each sample was measured in triplicate by ICP-MS and the 
average intensities were used for quantification. 
Concentrations were determined using calibration curves made 
using serial dilution from 1 g∙L-1 certified reference materials. 
Standards were diluted and acidified in the same manner as the 
unknowns.

Measuring surface binding of molecules using X-ray 
Photoelectron Spectroscopy (XPS).

Figure 1. Molecular structures of A) NADH, B) 1-methyl-1,4-
dihydronicotinamide (Nico), C) ribose 5-phosphate (Ribose-
PO4), D) adenosine monophosphate (AMP), E) Ribose, and F) 
methyl beta-D-ribofuranoside (Ribose-OCH3)
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To determine whether the different NADH components 
interact with the surface of LiCoO2, nanoparticles were 
collected post-exposure and washed with ultrapure water to 
release any molecules not strongly adsorbed to the surface of 
the particles. Measurements were taken on a Thermo K-alpha 
XPS using an Al Kα source (1486.6 eV photon energy) at a 45◦ 
take-off angle. Survey spectra were taken at a pass energy of 
200 eV and resolution of 1 eV/step. For P(2p) and N(1s) high-
resolution spectra we used a 50 eV pass energy and 0.200 
eV/step resolution. XPS data were analyzed using CasaXPS, 
using a Shirley background correction 48, 49 and a GL(30) mixed 
Gaussian-Lorentzian line shape for peak-fitting analysis.50 All 
energies were calibrated to the 284.8 eV binding energy of 
adventitious carbon.51 Samples were prepared by drop-casting 
a slurry of nanomaterials in water onto a silicon wafer and dried 
overnight. Each molecule was measured in triplicate. Areas 
from the high-resolution XPS peaks for each element were used 
to calculate atomic percentages at the surface as reported 
previously.43

Results and discussion

Impacts of NADH, Nico, and Ribose-PO4 on Co release from 
LiCoO2.

While NADH can be sub-divided in different ways, we first 
investigated the impact of the nicotinamide group (Fib. 1B),  the 
ribose-PO4, (Fig. 1C) and the AMP group(Fig. 1D).  We evaluated 
the impact of these molecules on the solubilization of Co from 
LiCoO2 by measuring the concentration of Co released into 
solution after LiCoO2 nanoparticles were added into solutions of 
these molecules, using procedures described in the 
Experimental section.  Fig. 2A shows the resulting Co 
concentrations. In Fig. 2A, the data show that NADH increases 
Co release from LiCoO2 compared with the concentration of Co 
released in media alone, consistent with our prior work.43 
Additional experiments show that this increase is proportional 
to the concentration of NADH. Surprisingly, introducing Nico, 
which also contains the nicotinamide group, induces almost no 
Co release beyond that observed in the media alone. Ribose-
PO4 increases release from LiCoO2, despite the absence of the 
nicotinamide group; however, as noted above, Ribose-PO4 can 

Figure 2. A) Dissolved Co concentrations determined by ICP-MS 

for LiCoO
2
 after 24h, 1 mg∙mL-1 exposure to media containing 

the indicated molecules. Each exposure compared to the Co 
release from media alone with one-way ANOVA with Dunnett’s 
multiple comparisons test. *** for p< 0.001 and **** for p< 
0.0001 B) Post-exposure biomolecule concentrations from 
NADH, Nico, and from a mixture of 0.5 mM Nico +0.5 mM 
Ribose-PO

4
 as measured by fluorescence spectroscopy.   

B)

A)
****

****

***

NADH Nico Nico 
+Ribose-PO4
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tautomerize to form a free aldehyde. Finally, AMP hinders 
release of Co to values lower than those observed in the media 
alone. The data in Fig. 2A show that the presence of the 
nicotinamide moiety alone is not sufficient to account for the 
rapid Co release induced by NADH, and that the ability of NADH 
to accelerate the release of Co is more complex than just the 
role of NADH as a reducing agent. 

Determining changes in Nico oxidation state after LCO 
exposure.

As a complement to the Co release studies, we performed 
studies to determine to what extent exposure to LiCoO2 alters 
the oxidation state of the nicotinamide group within NADH and 
within Nico. Optimal wavelengths were determined 
experimentally and described in the Experimental section. The 
nicotinamide group is fluorescent only in the reduced form; 
therefore, measurements of the fluorescence intensity probe 
the amount of NADH and/or Nico that remains in the starting 
(reduced) form. We also conducted control experiments to 
verify that oxidation of NADH and of Nico quenches their 
fluorescence, as described in Supporting Information (Fig. S4). 
Fig. 2B shows the remaining reduced molecule concentrations 
as determined by their fluorescence after solutions of  0.5 mM 
NADH and of 0.5 mM Nico were exposed to 1 mg∙mL-1 
dispersions of LiCoO2 nanoparticles. These data show that 
LiCoO2 effectively oxidized NADH but does not oxidize Nico.  As 
a further control experiment, we exposed LiCoO2 NPs to a 
solution containing both Nico and Ribose-PO4, both at 0.5 mM, 
to test whether for any possible synergistic or interfering 
influence; these results showed that the presence of Ribose-PO4 
did not influence the interactions of Nico. 
The ability of LiCoO2 to oxidize the nicotinamide group when 
incorporated into the NADH molecule but not when 
incorporated into the Nico molecule is surprising. The formal 
reduction of NAD+ to NADH is generally considered in two steps: 
NAD+ + e-NAD•

  with E’NAD+/NAD• = -920 mV and followed by 
NAD•  + H+ + e-NADH with E’NAD•/NADH = +282 mV, where the 
potentials are formal potentials at pH=7. Together these yield 
the two-electron formal potential of E’NAD+/NADH =-320 mV. 52 
While the reduction potential associated with Nico has not been 
reported previously, data for similar nicotinamide derivatives 
show that substitution at the N position has only a very weak 

inductive effect that shifts the reduction potential to even 
slightly more negative values.44Thus, we conclude that the 
reduction potential of Nico should be more than sufficient to 
reduce Co3+ in LiCoO2 to Co2+, with corresponding oxidation of 
Nico. Yet, we observe that Nico alone has little effect.  
Phosphate as an active participant in the redox between 
LiCoO2 and NADH.

A second important difference between NADH and Nico is 
the presence of the phosphate groups in NADH, which are 
absent in Nico. Previous studies have shown that free 
phosphate groups from phosphoric acid and related species 
bind strongly to LiCoO2 surfaces.37, 40 To understand the possible 
role of the phosphate groups in NADH and related molecules, 
we compared the Co release from LiCoO2 nanoparticles after 
exposure to each of the three molecules (1) ribose, (2)  Ribose-
OCH3, and (3) Ribose-PO4. As shown in Figure 1, of these three 
molecules, only the native ribose and Ribose-PO4 have a 
hydroxyl group at the 1-position that is required to tautomerize 
into the aldehyde group characteristic of reducing sugars. 
Ribose-OCH3 is therefore not a reducing sugar. Fig. 3 shows the 
Co release data for these three molecules and two additional 
control molecules. Among the group of ribose, Ribose-OCH3 and 
Ribose-PO4, only ribose-PO4 induces the release of Co into 

Figure 3. Co release from LiCoO
2
 nanoparticles measured 

using ICP-MS after exposure to ribose derivatives listed 
above. Media and Ribose-PO

4 
data taken from Figure 2 

to show comparison. Each exposure compared to the Co 
release from media alone with one-way ANOVA with 
Dunnett’s multiple comparisons test. *** for p< 0.001 
and **** for p< 0.0001

Figure 4. Atomic coverages of N (Fig. 4A) and P (Fig. 4B)  on 
LiCoO

2
 nanoparticles after 24 hr exposure to listed molecules 

calculated from high resolution XPS measurements. Spectra 
taken after particles had been washed with water releasing 
any loosely bound species. Dark-colored bars indicate data 
for molecules containing the element of being probed; light 
colors show data for molecules not containing the element 
being probed. Both N-containing and P-containing molecules 
are present in the starting aqueous media that is present for 
all studies. Each exposure compared to the atomic coverage 
from media alone with one-way ANOVA with Dunnett’s 
multiple comparisons test. * for p<0.05, *** for p< 0.001, and 
**** for p< 0.0001

****

****

*

**** ****

***
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solution to an extent comparable to that of NADH. This result 
shows that the phosphate group plays an important role in 
accelerating the metal release. As a further confirmatory test, 
we exposed LiCoO2 nanoparticles to media ribose solution with 
added NaH2PO4 at the same concentration (0.5 mM), adjusted 
to pH=7. At this pH the phosphate groups are expected to be 
present as H2PO4

- and HPO4
2- in nearly equal concentrations. As 

shown in Fig. 3, the presence of these free phosphate species 
reduces the amount of Co released to values even lower than 
those observed in the media alone, even with ribose present. 
These data show that free phosphate groups inhibit interaction 
of ribose with LiCoO2, while phosphate chemically linking to 
ribose has an activating role.  Together, these observations 
suggest that binding of phosphate groups to the surface is a key 
factor controlling molecular interactions with the LiCoO2 
surface. 

To evaluate the possible importance of direct surface 
binding, we used x-ray photoelectron spectroscopy (XPS) to 
characterize the extent of surface binding using the N(1s) and 
P(2p) emission intensities. By using emission of Co (from LiCoO2) 
as an internal standard and using well known atomic sensitivity 
factors and inelastic mean free paths, the XPS data can be 
translated into approximate atomic coverages, as described in 
the Supporting Information. Figure 4A and 4B show the N and P 
coverage, respectively, after LiCoO2 nanoparticles were 
exposed to NADH, Nico, and AMP, along with a control sample 
exposed to the media alone.  Due to the presence of sodium 
phosphate, HEPES buffer, and ammonium chloride in the 
minimal media, the spectra show some N and P present for all 
molecules. However, in Fig. 4A, it is apparent that NADH and 
AMP (both of which contain N as part of their molecular 
structures) bind to the LiCoO2 surface while Nico does not 
increase the N coverage beyond that produced by the media 
alone. Nico, Ribo-PO4, and Ribose do not impact the amount of 

N on the surface, while Ribo-OCH3 may even reduce the N 
coverage compared to the media alone.   Fig. 4B shows XPS data 
for phosphorus. Again, some P is observed from the phosphate 
species present in the starting medium, but NADH, Ribose-PO4, 
and AMP further increase the amount of surface phosphorus. 
Ribose-OCH3, Ribose, and Nico do not impact the surface 
coverage of phosphorus. 
The N(1s) XPS data (Fig. 4A) show that only among those 
molecules with N as part of their structure, only NADH and AMP 
show increased surface binding compared to the control 
(media) sample, while Nico does not.  The P(2p) data (Fig. 4B) 
show that all three molecules with phosphate groups (NADH,  
Ribose-PO4, and AMP) show significantly increased binding 
compared to the media control, while others do not.  Among 
the molecules investigated, NADH and Ribose-PO4 are the only 
two that significantly increase the release of Co from LiCoO2.     
Taken together, our data indicate that the ability of NADH and 
of Ribose-phosphate to induce release of Co is due to 
combination of the phosphate group and the redox-active 
group (nicotinamide for NADH, and a reducible ribose group for 
Ribose-PO4) chemically linked together in close proximity on the 
same molecule. 

As depicted in Figure 5A, our results suggest that NADH 
binds to the LiCoO2 surface via its phosphodiester group (as 
shown in Fig. 4) and then induces an electron-transfer into the 
LiCoO2, reducing the Co into its soluble Co2+ form (Fig. 2A) and 
oxidizing the nicotinamide group (as evidence by loss of 
fluorescence in Fig. 2B). The ribose ring of NADH cannot 
tautomerize and presumably acts as an electron conduit 
between the nicotinamide group and the phosphate-surface 
complex.  In the case of Ribose-PO4, the ability to tautomerize 
into the linear aldose form allows it to act as a reducing agent, 
while binding of the adjacent phosphate group facilitates 
electron transfer to the LiCoO2, solubilizing the Co much like in 

Figure 5. A) Proposed mechanism for the redox reaction of NADH with LiCoO2. NADH binds to LiCoO2 via its phosphate groups, after 
which Co3+ is reduced by the transfer of electrons from nicotinamide to ribose, to Co3+. The products are solubilized Co2+ and NAD+. The 
reaction is not fully balanced to account for release of oxygen atoms from the lattice, which are likely to react with H+ to form H2O. B) 
Proposed mechanism for ribose phosphate interacting with LiCoO2. 
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the case of NADH.  We note that the oxidized form of NADH has 
been well studied and gives a final product like that depicted in 
Fig. 5A, the oxidation of Ribose-PO4 depicted in Fig. 5B is not 
known with certainty.  However, since Co release can only occur 
via reduction of Co from Co3+ (In LiCoO2) to Co2+(aq), the 
concentrations of Co observed in Fig. 3 establish that Ribose-
PO4 must be oxidized upon interaction with LiCoO2.

The strong binding of phosphate to LiCoO2 can also act as a 
barrier to Co release; for example, exposure to AMP strongly 
decreases Co release (Fig. 2A) and in the combination of 
NaH2PO4 with Ribose (Fig. 3) decreases Co release compared 
with Ribose alone. These results indicate that in realistic media, 
the degree to which a given molecule impacts Co release 
depends both on the molecule’s reducing ability and the 
possibility of competitive binding between different PO4-
containing species. 

Our results show that despite acting as a reducing agent, the 
ability of NADH to promote Co release from LiCoO2 is highly 

dependent on its ability to bind to the surface. One likely reason 
for this requirement is the inherently unfavorable nature of the 
initial (one-electron) oxidation of NADH to NAD•. As noted 
above at pH=7 the oxidation of NADH to NAD• is endoergic 
(unfavorable), while the second step to form NAD+ is highly 
exoergic. One consequence of this scenario is that transfer of 
the first electron from NADH to LiCoO2 has a barrier that must 
be overcome. We hypothesize that the reason binding to the 
LiCoO2 surface enhances the reactivity is that surface binding 
provides a higher local concentration of NADH at the solid 
surface, and a long surface residence time then facilitates the 
endoergic first step in electron transfer. Similar considerations 
also likely hold for the enhancement of Co release induced by 
Ribose-PO4 but not by free ribose or Ribose-OCH3. 

Generalization to other metal oxides
While the data in Fig. 1-5 are specific to LiCoO2, some other 

high-valence metal oxides have low solubility but can be 
solubilized by reducing the metal cations. To test this idea more 
broadly, we conducted studies using several other metal oxides, 
including Mn2O3 as an example high-valence nanoparticle and 
using Co(OH)2  and NiO as examples of low-valence compounds. 
To further characterize the metal oxide nanoparticles, we 
measured specific surface areas using BET nitrogen adsorption 
isotherms and also measured hydrodynamic diameters and zeta 
potentials in nanopure water, giving the results shown in Table 
1. We note that LiCoO2 and Co(OH)2 nanoparticles have a thin 
sheet-like morphology. Because this non-spherical morphology  
disobeys the spherical approximation that is made in converting 
raw DLS data into size and zeta potential,40 we refer to these as 
the apparent hydrodynamic diameter and apparent zeta 
potential and use the resulting values only as a guide. While 
there are some differences in specific surface area and 
hydrodynamic diameter between different nanoparticle 
compositions, the differences are comparatively small. 
Additionally, comparisons are made within each nanoparticle 
type to investigate whether the addition of biomolecules 
increases the metal cation release from the particles as opposed 
to comparing the release of metals from each nanoparticle. 

Table 1. Nitrogen adsorption calculated surface area and 
hydrodynamic diameter of nanoparticles. 

Specific
area, m2∙g-1

Apparent 
hHydrodynamic 
diameter, nm

Apparent 
Zeta 
Potential 

LiCoO2 97.1 ± 0.2 170 ± 40 -16.7 ± 1.4
Co(OH)2 80.36 ± 1.2 114.8 ± 6 21.0 ± 3.9
Mn2O3 24.42 ± 0.08 146.4 ± 10 -28.1 ± 0.9
NiO 18.55 ± 0.7 111.0 ± 15 -28. 8 ± 2.0

Figure 6A shows concentrations of solubilized metal ([M]) 
after these metal oxides are introduced into solutions of each 
of the indicated molecules. The high-valence oxide Mn2O3 
shows increased metal concentration in solution in the 
presence of NADH and Ribose-PO4, while Ribose, and Ribose-
OCH3 have little or no effect. This behavior is similar to that 
observed for LiCoO2. In contrast, metal release from Co(OH)2  is 

B)

A)

Figure 6. A) Metal ion release measured with ICP-MS from 
nanomaterials after 24-hr exposure. Each nanoparticle 
exposure compared to the metal release from the media alone 
using a one-way ANOVA with Dunnett’s multiple comparisons 
test. n=3 * for p<0.05, **** for p<0.0001. B) NADH 
concentrations measured by fluorescence spectroscopy 
remaining after 24 hr exposure to each transition metal-
containing nanomaterial. Letters indicate significant difference 
as determined by one-way ANOVA with Tukey HSD post hoc 
(n=3 p< 0.05). 

*
*

*
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****
****
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mildly suppressed by each of the four investigated molecules, 
but in all cases Co release from Co(OH)2 is much higher than that 
from LiCoO2 due to the high intrinsic solubility of Co2+ 
compounds. 

Measurements of the impact on NADH show more dramatic 
differences between metal oxides. Fig. 6B shows the residual 
fluorescence from NADH after exposure to the nanoparticles of 
interest. The high-valence oxides LiCoO2 and Mn2O3 yield severe 
decreases in NADH fluorescence intensity, which we attribute 
to oxidation of NADH to the non-fluorescent NAD+ form. In 
contrast, the +2 oxidation state compounds Co(OH)2 and NiO 
yield only slight decreases in NADH concentration; these small 
decreases in NADH are likely due to (non-reactive) adsorption 
of NADH onto the surface of the particles. The results in Fig. 6A 
and 6B show that NADH induces metal release from both Mn2O3 
and from LiCoO2 by reducing the metals to lower oxidation 
states that are more highly soluble. Concurrently, the NADH is 
oxidized to NAD+. In contrast, the data for Co(OH)2 and NiO 
show that the metals are not being reduced to more soluble 
forms and NADH is not being oxidized by the materials. 

Overall, these dissolution results for Mn2O3 and NiO are 
promising in that they confirm our hypothesis that NADH acts 
as a reducing agent to enhance ion release specifically for high 
oxidation state metal oxides, and that the mechanism can be 
applied to other metal oxides outside of LiCoO2. In both cases, 
the presence of phosphate groups facilitates the electron-
transfer process.

Conclusions

In our previous work we found that NADH interacted with 
LiCoO2 via an electrochemically driven process in which NADH 
induced electron transfer to the LiCoO2, thereby solubilizing 
the Co from the insoluble Co3+ to soluble Co2+ form at the 
surface of the nanoparticle and oxidizing the NADH.43  Both of 
these processes – release of transition metals, and oxidation of 
molecules involved in cellular respiration – may be important 
in understanding the fundamental chemical mechanisms 
controlling the environmental impact of nanoparticles. Our 
present investigation sheds light on the important molecular 
and sub-molecular factors that control these molecule-
nanoparticle reactivities. In particular, the present work shows 
that the ability of molecules to act as reducing agents is not 
necessarily sufficient to induce significant interaction with 
nanoparticles, but that the presence of phosphate groups of 
NADH and Ribose-PO4 play a key role in facilitating electron 
transfer from these molecules to LiCoO2 surfaces by binding 
the molecules to the surface of LiCoO2. While demonstrated 
here for LiCoO2 and Mn2O3, the phenomena described here 
may also be important for a wider range of nanoparticle 
compositions, particularly those that are insoluble in high 
oxidation states 20 such that electron-transfer to the 
nanoparticle enhances solubility.

Understanding the role of specific sub-molecular functional 
groups, such as phosphate, on nanoparticle interactions with 
biomolecules may be important in understanding the 

fundamental chemical interactions that drive biological 
responses to nanoparticle exposure at the cellular and 
organism level.  Many other biomolecules and biopolymers, 
including some that play important roles in cellular electron 
transport, contain phosphate groups. Examples include flavin 
adenine dinucleotide (FAD) and related flavins53, 54 DNA, and 
RNA. While DNA oxidation has been reported in response to 
nanoparticle exposure,23, 24 the detailed molecular origins 
remain unknown. Studies like those reported here may 
provide key insights into the fundamental chemical origins of 
nanoparticle interactions with living systems in the 
environment.
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