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Abstract

We report a novel chemical sensing array based on metal oxide nanoparticles as a portable and
inexpensive paper-based colorimetric method for polyphenol detection and field characterization
of antioxidant containing samples. Multiple metal oxide nanoparticles with various polyphenol
binding properties were used as active sensing materials to develop the sensor array and establish
a database of polyphenol standards that include epigallocatechin gallate, gallic acid, resveratrol,
and Trolox among others. Unique charge-transfer complexes are formed between each polyphenol
and each metal oxide on the surface of individual sensors in the array, creating distinct optically
detectable signals which have been quantified and logged into a reference database for polyphenol
identification. The field-portable Pantone/X-Rite© CapSure® color reader was used to create this
database and to facilitate rapid colorimetric analysis. The use of multiple metal-oxide sensors
allows for cross-validation of results and increases accuracy of analysis. The database has enabled
successful identification and quantification of antioxidant constituents within real botanical
extractions including green tea. Formation of charge-transfer complexes is also correlated with
antioxidant activity exhibiting electron transfer capabilities of each polyphenol. The antioxidant
activity of each sample was calculated and validated against the oxygen radical absorbance
capacity (ORAC) assay showing good comparability. The results indicate that this method can be
successfully used for a more comprehensive analysis of antioxidant containing samples as
compared to conventional methods. This technology can greatly simplify investigations into plant
phenolics and make possible the on-site determination of antioxidant composition and activity in
remote locations.
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Introduction

Many phenolic antioxidants (AOXs) have been recently found to play unique and specific
bioactive roles in health and disease [1-4]. Structural characteristics dictate the physiological
role each molecule plays, and thus, each polyphenolic compound has the potential to
function uniquely in vivo [5]. As overall health-related applications of individual
polyphenols are determined, public and food manufacturer interest in how to assess and
increase intake of these potentially beneficial compounds, continues to grow. In order to
assess the polyphenolic content of foods, beverages and botanicals, analytical tools capable
of identification and quantification of polyphenols must be identified and applied.
Additionally, as debate continues, regarding whether the primary mechanism of action for
many “antioxidants” is related to their broad anti-oxidative properties, or to their ability to
participate in specific metabolic pathways causing vasodilating, anti-inflammatory and
antimicrobial effects [6],[7, 8] it is still valuable to determine in vitro antioxidant capacity of
antioxidant-containing food and drink. Determination of this value may predict possible
physiological activities and also appears to correlate well with the total concentration of
phenolics. Thus, a method capable of (1) polyphenol identification and quantification as
well as (2) analysis of antioxidant activity is in high demand.

Many botanicals high in antioxidant content have been found in remote locations, e.g., the
Amazon rainforest or the jungles of the Niger, where advanced laboratory equipment is
often not easily accessible [9]. Thus, for convenience and sample freshness, use of a portable
on-site antioxidant analysis device is preferable to methods that require sample preservation
and transportation. Herein, we report a fully field-portable nanoparticle-based sensing array
for determination of (1) polyphenolic content as well as (2) antioxidant activity. It functions
as a reagentless, easy-to-use, inexpensive sensing system that resembles a series of small
sensing spots that form characteristic colors when in contact with antioxidants. Color change
results from redox and surface chemistry reactions involving immobilized metal-oxide
sensing nanoparticles which are capable of accepting electrons donated by antioxidants [10].
The resulting polyphenol radical intermediate binds to the nanoparticle surface forming a
charge transfer complex. This complex has unique spectral properties, visible to the naked
eye, and capable of branding each sample as uniquely identifiable from all others. The
electron donating capacity of each polyphenol toward surface cations on a nanoparticle is
used to reveal antioxidant activity of each sample, while the unique color of charge transfer
complexes of each compound is used to distinguish and quantify varietal polyphenols. The
resulting ability of this sensing array to identify and quantify polyphenolic constituents as
well as to determine the antioxidant activity of field samples sets it apart from all other
available antioxidant assays, which cannot perform such broad capabilities. Currently, there
are no assays which combine antioxidant activity analysis with identification of primary
antioxidant components in a sample. Presently used antioxidant activity assays include: the
oxygen radical absorbance capacity (ORAC) [11], the ferric reducing antioxidant power
(FRAP) [12], and the Copper Reducing Antioxidant Capacity (CUPRAC) [13] assays,
among others [14]. Presently used methods for identification and quantification of
polyphenolic compounds include: high-performance liquid chromatography (HPLC),
coupled with ultraviolet-visible spectroscopy (UV-Vis), mass spectrometry (MS) or nuclear
magnetic resonance (NMR) [6] as well as thin layer chromatography (TLC) as a valid but
lesser used method [15]. All of these methods are costly, time consuming, non-portable, and
require advanced training before use.

The main objectives of this work were to develop a mutiarray sensing system for field
analysis of polyphenol-containing samples, and to establish a database of antioxidant
standards that could be referred to for rapid sample characterization and screening of
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antioxidants. We discuss first, the development of this portable combinatorial metal oxide
sensing array with respect to sensor fabrication; choice of a field-portable, highly-
reproducible color analysis and documentation tool; creation of a database; and the use of
each metal-oxide sensing nanoparticle for cross-validation of results. We then present the
method by which this database and combinatorial analysis system can be used to
characterize and classify polyphenol-containing field samples, on-site, with respect to
antioxidant composition and activity. To demonstrate practicality in the field, our method
was applied for the successful analysis of one mixture, and one field sample. Antioxidant
activity values were validated against the conventional oxygen radical absorbance capacity
assay (ORAC) and compositional analysis was validated against previously published
results. Our findings, presented here, demonstrate a novel approach for analysis of food
antioxidants using a multiarray combinatorial sensor system. Field-detection of antioxidants
using this sensing array and portable database could find numerous applications in food
industry, botanical and naturopathic medicine.

Experimental

Reagents and Equipment

Cerium (IV) oxide nanoparticles, or ceria (CeO,), 20 wt. % colloidal dispersion in 2.5%
acetic acid (289744), was purchased from Sigma Aldrich. The average particle size of the
10-20 nm ceria nanoparticles was verified by scanning electron microscopy (SEM) and
particle size distribution (PSD). Ammonium titanyl oxalate monohydrate (229989), titanium
dioxide, rutile (<100nm), silicon dioxide (10-20 nm), sodium acetate and acetic acid were
purchased from Sigma Aldrich. Zinc oxide nanoparticles (10-30 nm) were purchased from
SkySpring Nanomaterials Inc. Iron oxide (20-40 nm) and zirconium dioxide (40 nm) was
purchased from US Research Nanomaterials, Inc. Filter paper (P5; medium porosity; slow
flow rate) was purchased from Fisher Scientific and used as received. Fluorescein sodium
salt, and (2,2’-azobis(2-amidino-propane) dihydrochloride (AAPH) were from Fisher
Scientific. The antioxidants 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), capsaicin (CP) and epigallocatechin gallate (EGCG) were from Sigma Aldrich; L-
ascorbic acid (AA), gallic acid (GA), genistein (G), rutin (R), and curcumin (CC) were from
Acros; vanillic acid (VA) and quercetin (Q) were from Alfa Aesar; caffeic acid (CA) was
from Spectrum Chemical; resveratrol (RV) and ellagic acid (EA) were from TCI America;
keracyanin chloride (KC) was from Fluka; and rosmarinic acid (RA)was from Enzo.
Antioxidants used at Bastyr University for ORAC analysis include Trolox, EGCG, GA, AA,
and CC, and were all purchased from Sigma Aldrich. Gunpowder green tea, Camellia
Snensiswas attained from the Potsdam, NY Food Co-op.

The CapSure® handheld color analysis device manufactured by Pantone/X-Rite © was used
to analyze color response from all metal oxide sensor types. A fluorescence 96-well plate
reader (Gemini EM fluorescence plate reader by Molecular Devices) was used to perform
the ORAC assay for validation and inter-assay comparison purposes. Graphpad Prism 5
software was used to normalize data and analyze area under the curve (AUC) values for the
ORAC assay. All ORAC assays were performed in the Tierney Research Laboratory at
Bastyr University; metal oxide sensor calibrations and real sample analysis took place at
Clarkson University.

Fabrication of the Metal Oxide Sensors

Paper sensors were prepared following a procedure similar to that previously described for
immobilization of CeO, nanoparticles onto cellulose[10, 16]. In brief, 11 cm diameter filter
paper rounds were dipped into baths of the various metal oxide dispersions (4% TiO,; 2%
SiOy; 2% Zn0O in 2.5% HACc; 2% ZrO, in 2.5% HAc, 0.1% Fe,03 in 2.5% HAc, and 4%
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CeO5 in 2.5% HAC) and dried in the oven at 100C for 5 minutes, then allowed to dry
completely at room temperature. Individual sensors were then cut in circular paper disks of
9/32” diameter. Titanyl oxalate (Ti(IVV)oxo) sensors were prepared following procedures
similar to those used by Xu[17]. 20 uL of 1M titanyl oxalate salt solution was deposited onto
the surface of individual circular paper sensors (9/32” diameter) then allowed to dry
completely. The solution was applied directly to pre-cut sensor disks rather than applied to
the large surface area paper before cutting to avoid disturbance and removal of resulting
titanyl oxalate crystals. Before sample analysis, all sensor types (except ceria) were pre-
treated with 10 uL of 1 M NaOH, to activate —OH functionalities and increase sensitivity of
polyphenol detection as described in Figure S1 (supplemental). Sensors were allowed to dry
completely before use. Gallic acid was used as the standard for assessing reactivity of these
metal oxides towards polyphenolic compounds.

Colorimetric Measurements

All color responses were read with the Pantone© CapSure® handheld color analysis device.
The color reading window was placed directly over the sample to block external light
interferences. Upon sample reading, an immediate output of red, green and blue (RGB)
color intensities is displayed on screen, along with a Pantone®© ID code. These antioxidant-
and concentration- specific color intensities and Pantone®© IDs were documented for future
reference and identification of samples. The RGB and Pantone®© ID values are also
automatically stored in the CapSure® device, which can hold up to 100 readings at a time. A
standard calibration curve was created for each polyphenol, displaying the linear
relationship of blue color intensity (BCI) to concentration of analyte. The blue color channel
is used as opposed to green or red, because it provides the most sensitive readings allowing
detection of low concentrations of analyte, also responding with the greatest slope.
Calibration curves created from the CapSure® system are intended for use in quantitative
analysis of antioxidant samples. Pantone®© IDs are intended for use in matching unknown
samples to a polyphenolic standard within the database, allowing simultaneous
determination of both sample identity and concentration.

Sample Analysis and Quantitation

Analysis of all aqueous samples was performed by adding 20 uL of sample to each paper
sensor disk and allowing 90 minutes for complete drying. Analysis of samples suspended in
organic solvents, such as ethanol or acetone, was performed by applying 10 uL of solution to
the paper and allowing 2 minutes for complete drying. After drying, sensors were placed
onto the back of a black sheet of contact paper, with pre-cut holes (¥4” diameter) for sample
framing and easy documentation within a notebook. Color responses of each sensor were
then read using the CapSure®. All polyphenolic compounds were tested with four metal
oxide sensor types (cerium oxide, titanyl oxalate, iron oxide, and zinc oxide). Gallic acid,
the antioxidant activity standard, was analyzed using all seven metal oxide sensor types for
comparison. 10-20 concentrations ranging from 0.01 — 250 mM were used to create standard
calibration curves. Samples were analyzed in triplicate to determine the reliability of
estimates.

Standard reference calibrations with matching Pantone© IDs were created for all samples in
the database. Two methods have been used to determine concentration: Pantone© 1D
matching and interpolation of BCI into a calibration curve. The method of use depends on
whether the sample is of unknown or known identity. The first method of 1D matching can
characterize samples of unknown polyphenol identity by assigning a Pantone© ID code to a
sample’s color response on a variety of sensor types, and matching those codes within their
respective databases to determine the possible polyphenolic identity and concentration. The
second method is used for quantification of known samples only. This method involves
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interpolation of the BCI of sensor response into the BCI vs. log (mM) calibration curve for a
given polyphenol. The equation y=mx + b where y=BCI and x=log (mM sample) is used for
this calculation.

To demonstrate the capacities of the metal oxide sensor array to determine the primary
polyphenolic component of real samples and mixtures, one mixture of known composition
(7mM GA, 3mM EA), as well as a real sample (gunpowder green tea) were analyzed using
four sensor types (ceria, titanyl oxalate, zinc oxide and iron oxide) and their respective
databases. Analysis of these mixtures was performed using each database to determine color
ID matches between polyphenol standards and various concentrations of the mixture or real
sample. A calibration curve of each mixture was created and Pantone®© IDs were assigned in
triplicate to each concentration. IDs were matched within each respective polyphenol
database to determine the composition of the mixture. Polyphenol identities and
concentrations assigned to the original solution by each sensor type were calculated and
compared by relating the concentrations at which the mixture and a polyphenol standard
produced identical color IDs. The equation used is: (mM polyphenol) / (% v/v mixture) X
100 = mM of responding polyphenol in the original mixture. Through comparison of results
determined by the four metal oxide databases, select signals were eliminated. Only
polyphenol identities which appeared as a match using all sensor types were considered
further to identify the active polyphenolic component in the sample. This systematic
matching using four metal oxide assays allows for semi-quantitative determination of the
active polyphenol in the real sample matrix.

Antioxidant activity of each sample was also analyzed in terms of gallic acid equivalents
(mM GAE) using established methods.! In brief, for antioxidant activity calculation, 10-20
serial dilutions of the sample in water (3:1) were prepared and applied to metal oxide
sensors. Color intensities were read using the CapSure®. BCIs were recorded and graphed
vs. the log (concentration, %). The slope of the resulting linear regression was compared to
that of GA as a standard. Gallic acid equivalence was determined using the equation:
(slopesample/slopega) = MM GAE.

Validation & Inter-assay Comparison

For validation purposes, the ORAC assay was carried out on a set of known polyphenol
standards (CC, GA, Trolox, EGCG, and AA) as well as one complex botanical sample,
gunpowder green tea. These results, in terms of GAE, were compared to results from the
Ce0», Zn0, Fe,03 and Ti(IV)oxo sensors. The assay was carried out following the
procedures from ZenBio Laboratories and Henning.[18] Briefly, experiments were
performed in a 96 well plate: 75 L of 1.9 pM fluorescein in a 75 mM sodium acetate buffer
(pH 5.44) was added to all wells, followed by 50 L of samples: antioxidants (0.078-50
M), tea (0.08 g/L diluted from 10 g/L (2 g tea in brewed for 5 minutes in 200 mL of 80°C
water), Trolox control (50 uM) or buffer as a blank. The plate was incubated at 37°C for 10
minutes before addition of 75 pL of 240 mM AAPH oxidant. Fluorescence readings
(excitation 485 nm, emission 538 nm) were taken every minute for 1.5 hours in order to
monitor the rate of oxidation of fluorescein by AAPH-generated peroxyl radicals.
Antioxidant activity is thus proportional to a decrease in fluorescein oxidation (or
fluorescence quenching) rate due to the peroxyl radical scavenging ability of the sample.
Decrease in oxidation rate is monitored by an increase in area under the fluorescence (RFU
vs. time) curve.

ORAC data analysis was performed by first normalizing the data relative to the starting
point, and then utilizing Graphpad for automated area under the curve (AUC: fluorescence
vs. time) calculations. Net AUC was calculated for each sample using the equation:
AUCsample - AUCpjank = AUChgt. For analysis of antioxidant standards (GA, AA, Trolox,

Sens Actuators B Chem. Author manuscript; available in PMC 2015 March 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sharpe et al.

Page 6

CC, EGCQG), a calibration curve of AUCt vs. concentration (mM) was created for the
dilution series tested. The slope of this curve (AUCpet /MM) was compared to that of Trolox
using the equation (slopesample/ SI0peTrolox) to determine ORAC value in terms of mM
Trolox with equivalent activity to 1 mM sample (or Trolox equivalents: mM TE). For assays
which utilized internal standards (gunpowder green tea), ORAC value is calculated by
comparison of net AUC of sample to that of Trolox, using the equation: (net AUCgampie/ net
AUCT1010x)*(0.01mM Trolox/ 0.02g/L sample) = (mM TE/g tea). This was used to
determine Trolox antioxidant activity equivalence with consideration of in-well
concentrations of both the standard and sample.

High-throughput Analysis using the Metal Oxide Sensor Array

The ability to discern between Pantone© ID matches and discriminate overlapping signals is
demonstrated through the use of multiple metal oxide sensors. These sensors were selected
from a variety of metal oxide indicators found to be colorimetrically responsive to
polyphenols. CeO», Ti(IV)oxo, ZnO and Fe,O3 sensors were selected as examples from this
group of nanoparticle indicators to use in tandem for accurate and cross-validated results.
Multiple antioxidant identity matches found in each database were pared down to one final
match for an unknown sample, by comparing results found using four sensor types. The
recurrence of one ID match in four databases confirms sample identity and eliminates false
positive readings. In this way, cross-validation of results through systematic use of multiple
sensor types leads to confident sample identification. The use of an array of complementary
sensors for combinatorial sample analysis therefore increases accuracy and
representativeness of the results.

Results and Discussion

Figure 1 provides an overview of the various classes of polyphenols selected for this study.
The antioxidants investigated here represent each of the main families of polyphenolic
compounds, as described by Tsao et al., 2010.[19] KC was chosen to represent the
anthocyanin family; and EGCG, the flavanols. Both KC and EGCG are monomeric units of
procyanidins. Q, represents the flavonols; R, the flavanonols; and G, the isoflavones; all of
which are flavonoids. RV, RA, CC, and EA are non-flavanoid polyphenols. GA and VA are
used to represent the benzoic acids; and CA, the cinnamic acids. These three are all
classified as phenolic acids. CP represents the capsaicinoids, also classified as polyphenolic
amides. AA, a non-phenolic antioxidant used to protect polyphenols and the artificial
antioxidant analogue of vitamin E (a-tocopherol), Trolox, were also included as reference
materials in the database.

Adaptation of the Combinatorial Sensing Array for Field Use using a Portable Color
Analysis Tool

A portable color analysis tool, the CapSure®, manufactured by Pantone LLC of X-Rite
Inc.© was chosen to adapt the metal oxide sensing array for field use and to facilitate rapid
color quantification. The technology uses internal LED lights while blocking external light
to illuminate the sample, allowing for sensitive detection of color change on the paper
surface with enhanced accuracy. The device gives an immediate digital output of red, green,
and blue (RGB) color intensities of the sensor using an 8-bit per channel scale of 0-255.The
CapSure® matches each color reading to an internally catalogued color ID from the
Pantone/X-Rite© color catalogue. Pantone®© can print accurate reproductions of each color
code for visual sample matching, adding a tangible dimension to color analysis. Pantone©
color IDs can be used to directly match sample colors within a previously recorded database
of colors for given polyphenols. In this way, identity and concentration of unknown samples
can be immediately determined by matching color ID codes within the database. The
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CapSure® can store up to 100 results at a time, allowing storage and analysis of large data
sets. The device calibrates internally after each hour of use, allowing for excellent inter-user
reproducibility. Therefore, it is possible for all standard reference calibrations and color
values to be cumulatively shared amongst users. The ease-of-use, speed of analysis, light-
blocking and automated features are clear advantages, making the CapSure® highly suitable
for field use, as compared to non-portable office scanners or cameras which allow for light
interferences. The unique colors produced by the sensors can be logged as reference
standards to which sample responses can be compared for immediate identification and
quantification. The database facilitates access and upload of reference materials from any
location with possible online file sharing and interactive capabilities[20, 21].

Operational Principle of the Metal Oxide Sensor Array

The antioxidant detection mechanism using immobilized metal oxides on paper is based on
the ability of polyphenol antioxidants to form surface complexes of characteristic colors
with metal oxides. Previously, we have demonstrated the ability of CeO, nanoparticles to
form charge transfer complexes with polyphenols with enhanced spectral and optical
properties, in which CeO, nanoparticles act as color indicators [10]. We establish herein,
that the rich OH functionalities of other types of metal oxides also promote formation of
metal oxide-AOX complexes with unique spectral properties and characteristic colors. Such
color responses are used in this work for analytical quantification and cross-validation. The
binding and the corresponding color change is dependent on the concentration of the
antioxidant and it is specific to the type of antioxidant, as well as the type of metal oxide. To
fabricate the array of complementary sensors, metal oxides of Ti(I\VV)oxo and ZnO, SiO,,
ZrO, , TiO,, Fe,03 and CeO, nanoparticles were stabilized on paper to create individual
sensors that can be assembled in an array-type design for cross-validation of sample identity.
The resulting metal oxide array provides a sensing platform with multiple colorimetric
readouts, as each sensor in the array generates a unique representation of the antioxidant
identity and composition. Moreover, the responses of the individual sensors are used to
cross-validate sensor data and distinguish overlapping signals. The resulting metal oxide
array is reagentless, inexpensive and easy-to-use.

Fabrication and characterization of the High-Throughput Metal Oxide Sensor Array using
Multiple Metal Oxide Indicators

The metal oxides used to fabricate the array have activated OH surface functionalities and
can attach OH rich polyphenols by forming surface stabilized complexes with enhanced
charge transfer properties. Interestingly, each of the metal oxides provides a distinct color
when functionalized on paper and introduced to antioxidants; therefore each antioxidant has
a unique signature and characteristic ID depending on the metal oxide indicator used. All
metal oxide sensors demonstrate linear calibration curves with good reproducibility for the
antioxidants tested. Figure 2 shows colorimetric responses and calibration curves of each of
the metal oxide sensor to GA. While CeO, and Fe,03 form a brown color on the paper in
the presence of antioxidants, Ti(I\VV)oxo forms a bright orange complex, TiO,, ZrO, and
SiO, a yellow-green and ZnO a bright yellow color. These results demonstrate that each of
these metal oxides can provide an optical signature of the antioxidant activity, identity and
concentration. The unique color scheme produced by each sensor type makes it possible to
screen, using each metal oxide sensor, a complete database of polyphenolic compounds at
various concentrations and subsequently document and reference discernibly unique Pantone
color 1Ds for each sample. This screening can produce multiple databases, one for each
metal oxide, multiplying the number of reference points which further enhances the
confidence interval, increasing precision and reliability of the method.
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Essentially, each metal oxide nanoparticle indicator generates a new antioxidant assay. The
side-by-side use of various metal oxide assays for sample quantitation allows validation of
results. Such a practice is analogous to other analytical assays used to validate quantification
of other analytes (e.g. total phenolic content as determined by the Folin-Ciocalteu (FC)[22]
vs. Prussian Blue assays[23]; or total protein content as determined by the Biuret[24] vs.
Bradford methods[25]). The slopes of color intensity vs. concentration calibration curves for
GA detection on each metal oxide sensor type are compared in Figure 2. Based on the
magnitude of slope, the most sensitive metal oxide indicator is ZnO followed by SiO5, ZrO,,
Ti(IV)oxo, TiO,, CeO,, and Fe,0O3 in order of decreasing slope. Greater slope values allow
for greater distinction between small variations in the concentration of samples, and thus are
described as having greater sensitivity. While slope sensitivity of ZnO may be the greatest,
the lowest quantifiable concentration (LOQ) is provided by the ceria sensor, with an LOQ of
0.04 mM GA. The CeO, sensor is followed by Ti(IVV)oxo, TiO5, Zn0O, Fe;03, SiO,, and
ZrO, sensors in order of increasing LOQ (0.05, 0.2, 0.4, 0.4, 0.8, 0.8mM GA, respectively).
Depending on the goal of each investigator the analytical parameters in Figure 2 can be
used to select proper sensor types.

To achieve sensitive colorimetric responses to polyphenol antioxidants on ZnO, SiO,, ZrO»,
Ti(IV)oxo, Fe;0s3, and TiO», these oxides were first pre-treated with a strong base, NaOH,
which activates the OH functionalities by forming Me(OH) 2~ 4and high surface area clusters
of MeXOy(OH)ZZ'ZY'ZX with enhanced OH functionalities after dehydration. The high density
of OH functional groups enhances binding of the polyphenols increasing sensitivity. The
CeO, sensors, however, were found to function optimally between pH 2-12, while showing
decreased activity at extreme pHs, such as those created on the other sensor types following
pretreatment with 1M NaOH. We note that among the metal oxides tested herein, CeO; is
the only metal oxide possessing redox active properties[26] and this redox reactivity is
implicated in reaction with polyphenols by first forming a quinoid-type compound before
binding to the particle surface. Due to its redox reactivity and dual oxidation state, extreme
changes in the pH, and therefore the ratio between Ce(l11) and Ce(1V) was found to affect
the ability of the CeO, nanoparticles to form complexes with polyphenols at extreme pH
values (See Figure S1, Supplemental Information).

Polyphenol Database: CapSure® Calibrations as Reference Standards

The fifteen compounds shown in Figure 1 were used as reference standards to develop the
antioxidant database. These compounds are representative of different classes of polyphenol
antioxidants, determined based on structural characteristics and largely defined by ring
structures and type as well as number of functional groups. Representation of each
polyphenol class within the database provides breadth of scope for antioxidant standards and
creates the possibility that the majority of samples analyzed could match a reference
standard. The response of each metal oxide sensor to reference compounds was first
determined and used to construct calibration curves. The antioxidant activity in terms of
GAE for each polyphenol was obtained by comparing the slopes of their calibration curves
to that of a GA standard. Pantone © IDs corresponding to each polyphenol response on four
sensor types were established and stored within a database of Pantone © IDs for each
polyphenol on each sensor type. The corresponding ID codes can be found in the
Supplementary Information. The IDs can be stored into the electronic reader for immediate
automated Pantone © ID matching to facilitate rapid sample characterization. Analytical
parameters of the polyphenols studied using the four metal oxide sensor types (i.e. CeOo,
Ti(IV)oxo, ZnO and Fe,03) are displayed in Table S1-$4 (supplemental) and include:
antioxidant activity, equation of the calibration curve, linear range, and correlation
coefficients (R2).
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Figure 3 shows a comparison of antioxidant activity in terms of GAE (or mM GA with
equivalent electron donating capacity to 1 mM sample) of the fifteen compounds studied
here, using Ti(IVV)oxo paper sensors as an example. Structurally, antioxidant activity appears
to correlate with the number and location of hydroxyl groups, rather than the class of
polyphenol; with ortho positioning often being correlated with increased antioxidant
activity[5]. AOX activity as determined by the Ti(IVV)oxo sensors ranges from 0.05-1.30
mM GAE. Ten polyphenols have GAEs above the median, 0.60 mM GAE. Nine of these
contain at least one ortho positioned set of OH groups and between 2-9 hydroxyl
functionalities. The other five polyphenols have much lower activities ranging from
0.05-0.30 mM GAE. These have only 1-3 OH groups none of which are in an ortho position
(with the exception of EA). Hydroxyl groups are responsible for electron donation, which
can take place through three main mechanisms (hydrogen atom transfer (HAT), single
proton loss followed by electron transfer (SPLET), and electron transfer followed by proton
loss (ETPT))[27]. The increased number of hydroxyl groups can increase antioxidant
activity by increasing the likelihood of electron donation to a surface cation on a metal oxide
nanoparticle. The ortho positioning of hydroxyl groups structurally facilitates bi-dentate
binding, creating a claw-like structure which can bind easily to a redox active species.
Notably, it can be observed that formation of dimers from polyphenolic monomers can have
an inhibitory effect on antioxidant activity depending on whether or not hydroxyl groups are
involved in binding. EA and GA have extremely different antioxidant capacities (0.29 and
1mM GAE respectively on Ti(IV)oxo; 0.43 and 1.00 on ceria; and 0.81 and 1.00 on zinc
oxide), which can be attributed to the 3 OH groups in ortho position on the phenolic ring of
GA as compared to its dimer form (EA), which has 4 OH groups and is constituted from two
GA monomers. Formation of the dimer causes the loss of one OH group from each GA
monomer, and thus offers less OH groups in favorable orientation for binding and formation
of charge transfer complexes with metal oxides (Fig. 4a). In contrast, RA and CA have
similar antioxidant activities on titanyl oxalate sensors (0.73 and 0.98, respectively) and
nearly the same GAE on CeO, and Fe;03 sensors (0.80 and 0.81, respectively for CeOy;
and 0.95 and 1.01 for Fe;0O3). RA is a dimer of CA, and joining two CAs together appears to
have a negligible effect on its antioxidant power. The ability of this new complex to
maintain antioxidant activity is due to the fact that no functional groups involved in electron
donation are modified during the binding process (Fig. 4b). Preservation of these functional
groups allows for activity to be maintained. Additionally, the molecular structure of RA as
compared to EA is much more flexible, allowing for the molecule to rotate about molecular
bonds in order to bind in a bi-dentate fashion using both ortho OH groups; whereas the rigid
phenolic structure of EA does not allow mobility about bonds and keeps the two sets of
ortho OH groups far from one another forcing bi-dentate binding to occur through only one
set of hydroxyl groups, not both simultaneously.

Comparison of antioxidant activity values for fifteen polyphenolic compounds analyzed
using four sensor types (CeO2, Ti(IV)oxo, ZnO and Fe,O3) can be found in Figure S5
(supplemental). It was observed that some polyphenols have an affinity or an aversion to one
or more metal oxide, creating varied antioxidant activity values depending on the sensor
used; a phenomenon observed when comparing most other antioxidant activity assays as
well[28]. The entire range of antioxidant activity values, however, only spans from 0.05 -
1.90 mM GAE on all sensor types; indicating that the maximum distance between 15
samples would be merely 0.12 mM GAE and that as a result, slight variations in activity can
significantly affect the ranking of a polyphenol within this group. Thus, only extreme
differences in polyphenol ranking order between sensor types are discussed here. As a
general trend, it was observed that Trolox has very low antioxidant activity (i.e. electron
donating capacity toward metal oxides), exhibited by its ranking within the bottom five
antioxidants (ranked from high to low with respect to GAE) using all assay types. AA, on
the other hand, consistently ranked within the top seven antioxidants using all assay types;
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and GA hovered within the middle four to seven. Some extreme differences between sensor
types can be observed, however, as in the case of capsaicin, vanillic acid and rutin for
example. CP ranked as having the second lowest GAE on three of four sensor types, but it
had the fifth highest activity on CeO sensors, showing a preferential electron transfer and
subsequent binding to ceria as compared to other metal oxides. Similarly, VA appeared
within the bottom three GAE values on three of four assay types, but had the fourth highest
value on ZnO sensors. R ranked within the top three GAE values on all sensors butCeOs,,
which ranked it as eleventh out of fifteen. The differential responses can be due to
differences in the sensor surface including surface morphology, surface area and orientation
of the polyphenols upon binding to the oxide surfaces. These results suggest that the
sensitivity of the assays varies with the metal oxide used in the sensor design. The
differential responses are used to discriminate polyphenol antioxidants and constitute the
basis for establishing the database for the identification and quantification of polyphenols in
mixtures.

The full version of the database of Pantone ID codes for each sensor type is provided in the
Supplementary Information, along with linear calibration equations for each polyphenol.
These equations were used to determine the antioxidant activity (mM GAE) of each
polyphenol studied herein and can be used for quantification as well. For sample
identification in the field, the Pantone ID catalogue of antioxidant standards can be either
printed and visually referenced, or stored into an electronic device to provide immediate and
automated color matching for rapid sample characterization.

Analytical Characterization and Validation

The Polyphenol Database was further tested and validated through confirmation of the
polyphenolic identity and concentration through color ID matching.

We demonstrate below the use of this database to (a) determine sample identity and
concentration of an isolated polyphenolic compound, and (b) to identify the primary
polyphenolic compound existing within mixtures and real sample matrices. The use of this
approach for assessing the antioxidant activity of samples is also demonstrated.

When analyzing isolated polyphenolic samples of known identity, concentration can be
interpolated quantitatively using the calibration curve corresponding to the given
polyphenol, and the BCI of the sample as the y-value in its linear equation. The accuracy of
this method was found to have an average recovery error of + 0.60 mM when confirming
concentrations of VA, RA and EGCG using a BCI vs. calibration curve. For unknown
samples, sequential readings with different types of metal oxide sensors are used to confirm
identity and concentration of the sample. The accuracy of this method is displayed in Figure
5 wherein a sample of capsaicin (ImM) was placed onto two sensor types: CeO, and
Ti(IV)oxo. Using the Pantone®© ID matching for each color response, only one possible
identity was revealed corresponding to 1.3 mM capsaicin. This process is represented as a
Venn diagram in Figure 5, which describes the sample identification process using two or
more sensor types. The advantage of this technology is that an otherwise completely
unknown sample can be both identified and quantified in a timely manner without the use of
any advanced instrumentation (e.g. UV or fluorescence detectors). As an example of
application, this process has also been carried out on real samples in order to determine the
primary acting polyphenolic constituent.
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Four sensor types (Ti(IV)oxo, CeO,, ZnO and Fe,03) were used to analyze one mixture of
known composition (7mM GA, 1mM EA) and a real sample (gunpowder green tea). Color
IDs of the sample response on each sensor type were matched within the respective
databases, and systematically analyzed as described above.

Results of mixture analysis are shown in Table 1, which displays the identities of each
mixture as determined by the four sensor types. These results reveal the active antioxidant in
the mixture. Visual examples of color matching between the sample and an individual
polyphenol standard are also shown. These exact color matches constitute the basis for the
hypothesis that within a mixture, one polyphenol can be preferentially active.

While the activity of each compound in a mixture influences its ability to compete for
binding sites on the sensor, the concentration of each can also determine the probability of
reaction with the sensing nanoparticles. The variety of antioxidant activities and
concentrations of each polyphenol in a mixture makes every field sample unique. Thus, the
use of multiple sensor types and their respective database is necessary to determine whether
the mixture's identity, as determined by the metal oxide sensor array, truly reveals one
primary active component, or if it could be a false match coming from signal overlap. If a
mixture is identified as just one compound using all sensor types, it can be reasonably
assumed that only one polyphenol is responding due to mixture conditions (such as activity
and concentration of the polyphenols contained). This would reveal which antioxidant in the
mixture preferentially performs electron transfer to the sensing surface.

Analysis of the laboratory-prepared mixture containing 7mM GA and 3mM EA showed
only one possible polyphenalic identity that agreed on all four sensor types: GA. The
concentration determined by averaging results from four databases was determined to be 9 +
4 mM GA. This matched the true identity of the solution which contained 7 mM GA that
likely outcompeted the 3mM EA for binding sites on the sensing surface.

For the analysis of gunpowder green tea, all sensor types determined the identity of the
responding polyphenol to be: 0.9 £ 0.2 mM EGCG. This concentration matches published
EGCG concentrations commonly found in green tea (1.2 + 0.6 mM, as calculated from
Henning's data that presented concentration of EGCG and other catechins in eight
commercial green tea varieties[18]). EGCG is highly active (1.27, 1.08, 1.08, and 0.72 mM
GAE as determined by ceria, titanyl oxalate, iron oxide, and zinc oxide sensors,
respectively) and constitutes the majority of the catechin content in green tea (46 + 5% of
the catechin content in green tea[18]). Therefore, the concentration and activity of EGCG
are likely the cause for its ability to out-compete other catechins in tea for binding sites on
the sensor surface. Out-competition by EGCG allows for the creation of many EGCG-MeO
charge-transfer complexes creating spectral changes that yield a colorimetric response which
matches the same Pantone® ID code as a documented EGCG standard.

These results successfully demonstrate the ability to utilize this metal-oxide sensing array
for systematic identification of the primary active polyphenolic constituent in a mixed
matrix such as a botanical extract or a food sample. This technique allows for quick analysis
of antioxidant activity and composition using just one assay. With current technology, this
type of analysis is very time consuming and complicated as it requires the use of various
antioxidant activity assays (i.e. FRAP [29, 30], ORAC [29, 31, 32], DPPH [33, 34], ABTS
[29, 34] alongside HPLC [29, 31, 35, 36] or GC/MS [34] for content analysis.
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Validation of Antioxidant Activities vs. the ORAC assay

The performance of four metal oxide paper sensors was compared to a conventional method
for antioxidant activity analysis, the ORAC assay. The ORAC assay is the USDA adopted
method for antioxidant activity analysis, and represents antioxidant activity in terms of
Trolox equivalence (mM Trolox with equal activity to 1 mM or 1 g of sample). ORAC
monitors peroxyl radical scavenging capacity, which indicates hydrogen atom transfer
(HAT). The metal oxide sensing array monitors single electron transfer to a active metal.
Metal oxide sensor data are quantified in terms of GAE, and thus, for this section, in order to
obtain comparative data, the ORAC assay was also quantified in terms of GAE, instead of
the usual Trolox equivalents for the ORAC assay. Figure 5 graphically depicts the
comparison of antioxidant activities as determined by the ORAC and the four metal oxide
assays. It should be noted that every antioxidant assays ranks samples differently in terms of
antioxidant activity. This is primarily because of the unique radical sources / redox-active
reagents and the individualized assay conditions required for each assay. Within the range of
paper sensors used, each will respond differently to various polyphenols based on structural
and chemical reactivity differences between nanoparticle indicators; and all paper sensors
will respond differently than the ORAC assay due to different electron acceptors (metal
oxide NPs vs. peroxyl radicals) The non-comparability of antioxidant activity values
between assays is a major challenge in the field, and has been cited as a reason for the
retraction of the USDA ORAC database from public view in 2012[37]. Nonetheless, GAE
values determined by the five assay types follow a very similar trend for all antioxidant
samples tested, and reveal GAE values that are close to one another. Average activity values
range from 0.3 — 1.4 mM GAE with standard deviations of GAE assigned by five assays
averaging 0.3 mM GAE, depending on the sample. EGCG and CC, for example, respond
more strongly in the ORAC assay than in the metal oxide sensing array, indicating that they
may have a preference to peroxyl radical scavenging as opposed to electron donation to
inorganic particles. Through averaging activity values determined using the five assay types
and considering standard deviation, a standard T-test has determined Trolox to be
statistically lower in activity than the other five samples (p<.006), indicating that the metal
oxide sensing array is proficient in identifying major differences in antioxidant capacity with
comparable sensitivity to the ORAC assay. This validates the metal oxide sensor array as an
excellent assay for the determination of antioxidant activity.

Conclusion

In summary, we met our stated objectives, which were to develop a metal oxide based
sensing array for field application in the characterization of antioxidant-containing samples.
We established a novel method for analysis of such samples using our multiarray sensing
system, based on formation of unique colored charge transfer complexes between
polyphenols and metal oxide nanoparticles. Using the sensing array and an automated
CapSure® color reader we have developed a database of calibration curves and color ID
codes for a variety of polyphenolic compounds. We have demonstrated applicability of the
sensing concept on a variety of metal oxide type materials, which we found to provide
unique characteristic responses to polyphenols. The differential response of each sensor is
significantly important as it provides a basis for distinguishing individual components based
on their distinct interaction with the metal oxide. Colorimetric CapSure® readings can be
immediately converted into information characterizing a polyphenolic sample, by matching
color IDs obtained with the reference standards included in the accompanying database. This
technique allows for simple, inexpensive, immediate and extremely portable identification
and quantification of polyphenolic constituents; as well as determination of any sample's
antioxidant activity. This database is particularly useful for field investigations of plants in
remote locations.
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This is the first portable database of its kind that facilitates remote analysis of any
antioxidant-containing sample without the use of sophisticated laboratory instrumentation.
The only equipment needed for analysis aside from the sample, are the sensing papers and
the handheld color reader with the electronically stored database of standards. The assay has
been used to characterize real samples in terms of the primary active polyphenolic
constituent, but its application could also be extended for use as a detector alongside
instrumentation for separation of mixtures (e.g. HPLC or other separation techniques) for
complete characterization of polyphenol containing samples. In addition to the easy-to-use,
rapid and field detection capabilities, the assay is inexpensive, reproducible and compares
well with conventional antioxidant activity assays. The results of this study indicate the
suitability and potential of this technology to replace conventional techniques for complete
characterization of polyphenol-containing samples. Numerous possibilities are envisioned
for use of this assay in the field, in a laboratory, or perhaps even at home; by trained and
untrained professionals alike.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Classification of polyphenolic compounds used to establish the antioxidant database as
determined by structural properties. The 15 compounds studied herein are in italics, under
their respective categories. At least one compound from each broad category of PPs was
studied to provide standards to represent a wide variety of botanical samples which could be

analyzed in the future using this sensing array.
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Calibration curves of blue color intensity (BCI) of various metal oxide sensors as a function
of antioxidant (GA) concentration. Metal oxide sensors were made from rutile TiO9, SiO»,

Zn0, and ZrO», ceria, Fe,03 and Ti(IV)oxo.
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Comparison of antioxidant activity (GAE, or mM gallic acid with equivalent electron
donating capacity to 1 mM sample) assigned by titanyl oxalate sensors to demonstrate
variability in electron donating capacity of each polyphenol.
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Figure4.

Visual depiction of changes in hydroxyl functionalities resulting from formation of dimers
from monomers caffeic acid (a) and gallic acid (b). The dimers rosmarinic acid (a) and
ellagic acid (b) exhibit unique changes in antioxidants activities as compared to their
monomers; a characteristic likely caused by the effect of complex formation on the number
and orientation of their hydroxyl groups.
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Figure5.

Demonstration of the technique used to narrow down matching ID codes between a sample
of unknown composition and a polyphenolic identity. An ID code for a sample applied to
each sensor type is matched within each respective database to find matches. Those matches
which do not appear in all databases used are eliminated.
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