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ABSTRACT: The exposure of millions of people to unsafe
levels of arsenite (As™) and arsenate (As") in drinking waters
calls for the development of low-cost methods for on-site
monitoring these two arsenic species in waters. Herein, for the
first time, tetradecyl (trihexyl) phosphonium chloride ionic
liquid was found to selectively bind with As™ via extended X-
ray absorption fine structure (EXAFS) analysis. Based on the
finding, an As"-specific probe was developed by modifying
gold nanoparticles with the ionic liquid. Futhermore,
Hofmeister effect was primarily observed to significantly affect
the sensitivity of gold nanoparticle probe. With the
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colorimetric probe, we developed a protocol for naked eye speciation test of As™ and As" at levels below the World Health
Organization (WHO) guideline of 10 ug L™". This method featured with high tolerance to common coexisting ions such as 10
mM PO,*", and was validated by assaying certified reference and environmental water samples.
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B INTRODUCTION

Arsenic shows various adverse health effects mcludln§
carcinogenic disease relative to skin, lung, and kldney
More than 140 million people worldwide are exposed to
superfluous arsenic, mainly by drinking ground waters polluted
by inorganic arsenic that are more toxic than the organic
ones.”> Although As™ and As' are coexisting and undergo
mutual transformation in groundwater, As™ is usually the main
form and more toxic than As".® Consequently, monitoring of
inorganic arsenic species in waters is of prior interest in arsenic
detection. Numerous instrumental methods have been
developed to quantify trace arsenic,’ '° but the requirement
of bulk equipment and strict laboratory conditions restricts
their application in field analysis. On the contrary, the
colorimetric or visual methods are quite suitable for field
determination. Because of their poor sensitivity, however,
traditional visual probes are incapable of detecting As™ and As"
at 10 ug L' level, which is the arsenic guideline value in
drinking water required by the World Health Organization
(WHO) and U.S. Environmental Protection Agency (EPA).
Additionally, the fairly poor tolerance to interferences of these
probes restricts their application in real sample analysis."'™*?
Several arsenic testing field kits are able to semiquantify 10 or
50 ug L™" As, but most of them fail to meet the requirements of
an ideal test kit for As."*™'¢

Gold nanoparticles (AuNPs) are widely used as optical
probes in colorimetric detection in recent years,w_19 because of
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their higher extinction coeflicient in the visible region and thus
higher sensitivity in comparison to the organic probes. Since
the pioneering work of the Mirkin group,”® AuNPs have served
as optical probes for sensing cations, anions, small organic
compounds, and biological molecules,> ™>* with Hg2+
the most attractive target analytes.”*~>" Surprisingly, studies on
the use of AuNPs as optical probes to detect arsenic are
sparse.”>*> By successively modifying the surface of AuNPs
with glutathione, dithiothreitol and cysteine, Ray’s group
developed a label-free optical probe for colorimetric detection
of arsenic at yg L™ level by naked eyes.*” In that procedure, the
total amount of As™ and As" was quantified because As" was
inevitably reduced to As™ by dithiothreitol, which was used as
an essential modifier. To the best of our knowledge, speciation
test of inorganic As™ and As" with a single AuNP probe has not
been reported yet, and it remains a great challenge to test the
two inorganic arsenic species at low ug L' levels with naked
eyes.

Herein, a phosphonium ionic liquid, tetradecyl trihexyl
phosphonium chloride ([C,,(Cg);P]Cl) (P-IL), was first found
to have strong interaction with As™, which was verified by
extended X-ray absorption fine structure (EXAFS) analysis.
Modified with the ionic liquid, an efficient gold nanoparticle

as one of
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probe was developed and applied to achieve visual speciation
test of As"™ and As" with high selectivity and sensitivity. As
described in Scheme 1, As™ is detected directly based on the

Scheme 1. Schematic Representation of the Mechanism of P-
AuNPs for Determination of As™ and As¥

xt L+ + 1+
;‘;\ﬁﬂ;’; *S\ﬁaj‘x
N —ty * o o X
e TR N
Blank x,‘f**’x* x:’ *\l)!(%
* ity + +¥* L
:.:§¥éﬂ,xk %;\'é?ﬁ}ﬂ L %;\5 ﬁ"‘x x*‘%*%
gl o X + a, o X wy B xex
> SR, A
e O )cx’(? i\‘: % o f’; M
e *+'t+" JE— "*i*x XXPATEX
* 1ty +1+ T
:: ét(f #"_\_ :E\'Q ﬁ%"* As'l .J\&J 29 ,.+
7 A RS A E )
o W X S AsV+Vc e
u,}* x$+t§x$ o";;i 95T 0
-

Tetradecyltrihexylphosphonium chloride

AWV Triton X-114

color-changing of the probe from red to blue. The total amount
of inorganic As is detected by prereducing As" into As™ with
ascorbic acid, and As" level is determined indirectly by
substrating As™' from the total inorganic As. On the basis of
the procedure proposed, this C,(C¢);P*-modified AuNP (P-
AuNPs) was applied to determine both As™ and As"
concentration in water samples at the ug L™".

@ As"

Ve: Ascorbic acid

B EXPERIMENTAL SECTION

Chemicals and Equipment. Standard stock solutions of As™
(GBWO08666) and As” (GBW08667) were obtained from the National
Institute of Metrology (China). [C;4(C4)sP]Cl (Cyphos IL-101) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Triton X-114
(TX-114) was got from Acros Organics (Geel, Belgium). Potassium
borohydride was obtained from Tianjin Jinke Fine Chemical Institute
(Tianjin, China). All the other chemicals were from Sinopharm
Chemical Reagent Co. (Beijing, China) with purity of at least of
analytical grade and were used without further purification. Ultrapure

water (18.3 MQ) from a Milli-Q Gradient system (Millipore, Bedford)
was used throughout the whole study. The certified reference arsenic
water sample (GBW08605) was obtained from National Institute of
Metrology (China). The lake water was collected from a local water
source reserve (Changbaishan, China). The groundwater was obtained
from a village in Datong, Shanxi Province (China), which was reported
to have been contaminated by arsenic.**

A pH meter (Orion, Thermo) was used to adjust the acidity of
buffer solutions. P-AuNPs were characterized by transmission electron
microscope (TEM) (H7500, Hitachi). A multimode microplate
spectrophotometer (Varioscan Flash, Thermo) was adopted to record
absorbance in the range of 400—800 nm. As EXAFS spectra were
collected at beamline 01C1 in the National Synchrotron Radiation
Research Center, Taiwan. High performance liquid chromatography
(HPLC) (1200, Agilent) and an atomic fluorescence spectrometer
(AFS) (8130, Titan, China) were hyphenated by a homemade
connector for studying conversion reaction of As™ to As'. A guard
column (25 mm X 2.3 mm, 12—20 ym) was used for in-line cleanup
the P-AuNPs in the test solutions. Chromatographic separation of As™
and As¥ was carried out on a Hamilton PRP-X100 column (250 mm X
4.1 mm, 10 ym), with phosphate buffer (5 mM) as mobile phase set at
a flow rate of 1 mL min~".

Synthesis of Phosphonium lonic Liquid-Functionalized Gold
Nanoparticles. P-AuNPs were prepared by reduction of HAuCl, with
KBH, in the presence of [C,4(C);P]CL* Briefly, into 10 mL of an
aqueous solution, containing ionic liquid (S mg) and Triton X-114 (2
mg), was added 200 L HAuCl, (1%). After stirring for 10 min, 10 mL
of KBH,, (1.1 mg) was added dropwise into the mixture. After stirring
another 10 min, the mixture displayed wine red in color indicating
formation of P-AuNPs. The unreacted reagents were discarded
through centrifugation (17000 X g, 1S min). The concentration of
P-AuNPs estimated from Beer’s law was 3 nM,*> and the P-AuNP
stock solution was prepared by diluting the concentrated P-AuNPs at
the bottom of centrifuge tubes to the original volume.

Speciation Test of As" and As’ with P-AuNPs as a
Colorimetric Probe. For detection of As™, into a 200 uL
polyethylene vial or a well of the 96 well-plate was added S0 uL of
the standard or sample solutions, 50 uL of NH,NO;—NH;-H,O buffer
solutions (0.03 M, pH 10.2), and SO puL of P-AuNP stock solution (3
nM). After incubation for 30 min at room temperature visual or
colorimetric detection was conducted. For speciation test, 0.01 mM
ascorbic acid was additionally added into the mixture solutions above
to reduce As” to As™. The amount of As” was quantified indirectly by
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Figure 1. (a) EXAFS spectra (solid lines) and shell fits (open dots) of As™ and As" solutions with [C,,(Cq);P]Cl (pH 10.2); (b) Fourier transform
magnitudes (solid lines) and shell fits (open dots); (c) simulated molecular structures of C,4(Cq);P"-H,AsO;™ and C4(Cq),P*-HAsO,>".
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the difference between the total inorganic As and As™. The multimode

microplate spectrophotometer with a 96 well-plate was employed for
recording the absorbance value.

B RESULTS AND DISCUSSION

Selective Interaction between Tetradecyl Trihexyl
Phosphonium and As". According to the principle of “like
dissolves like”, as well as the successes in extraction of neutral
form of arsenic with phosphine derivatives®* >’ and As'-
molybdate heteropoly acid with phosphonium,*® the P-ILs may
own strong interaction with arsenic species. To verify this, we
applied EXAFS to determine the association of C,,(C4);P* with
As ions in aqueous solutions at pH 10.2. The k*-weighted As K-
edge EXAFS spectra, the corresponding radial structure
functions (RSF) as magnitude of the Fourier transformation
(FT) versus radial distance are shown in Figure la, b. The
optimal parameters listed in Table 1 were obtained by fitting

Table 1. Structural Characterization of As™ and As" in the
Water Samples Containing [C,,(Cs);P]Cl by Shell Fitting in
r-Space Using Theoretical Paths

sample shell CN“ R® (A) o (A?) AEOd (ev)

As"-P  As—O 3 (set) 1.79 + 0.01 0.001 11.74
As—=P 097 £0.13 296 + 0.03 0.001

As¥=P  As—O 4 (set) 1.69 + 0.01 0.001 6.68

As—P 0.84 + 0.28 4.13 £ 0.06 0.005

“Coordination number. “Interatomic distance. “Debye—Waller factor.
“Threshold energy shift.

the theoretical curves to the experimental spectra. The FT of
EXAFS spectra was able to isolate the contributions of different
coordination shells, in which the peak positions corresponded
to the interatomic distances. It is noteworthy that these peak
positions are shifted from the true distance by 0.3—0.5 A as
they were uncorrected for phase shift. According to the fit of
the theoretical to the experimental spectra, the first and
strongest peak in the FT curve was contributable to 3 oxygen
atoms at an average distance of 1.79 A for C,,(C4),P—As™ and
4 oxygen atoms at an average distance of 1.69 A for
Ci14(Cg);P—As", respectively. The distances of As™—O and
As'—O are in good agreement with previously published
data.*"** Furthermore, the P atoms were detected at 2.96 A
with a coordination number (CN) of 1.07 for C,,(Cg),P—As",
and at 4.13 A with CN of 0.84 for C,,(C4);P—As" (Figure lc),
indicating that both As™ and As' are associated with
C14(C¢);P" via the As—O—P bonding, but the bonding of
C14(Cq)sP" to H,AsO;” is much stronger than that to
HAsO,*".

Selection of P-IL as Modifier for As"'—Specific Probe.
Besides for the selective interaction between P-IL and As™, P-
ILs with unique properties*~* should have great potentials in
functionalizing AuNPs, because cationic surfactant properties of
P-ILs with long chain make them ideal coating agents for
stabilizing the AuNPs. To verify this, we modified ~11 nm
AuNPs, the most commonly used one in AuNP probe
preparation, with tetrabutyl phosphonium bromide
([(C4)4P]Br), dodecyl tributyl phosphonium bromide
([C12(C4)5P]Br), and tetradecyl trihexyl phosphonium chloride
([C14(Cg)sP]Cl). For comparison, another two water-soluble
ILs, including hexadecyl trimethylammonium bromide and 1-
hexadecyl-3-methylimidazolium chloride, were as well-em-
ployed as the modifier. The modification was conducted
simultaneously in the preparation process of 11 nm AuNPs
according to a previously reported method.>® Results showed
that only the 3 phosphonium-based ILs gave rise to relatively
stable AuNPs, among which only the C,,(C,);P* or
C14(C¢);P -modified AuNPs showed a color-changing from
red to blue in the presence of As". In addition, the AuNP
modified with C,,(C4);P" is relatively more stable and sensitive
to As™ than that with C,(C,);P*, possibly because of the
relatively longer alkyl chains of C,,(Cq4);P*. Unfortunately, even
this C,4(C¢);P" modified AuNPs (P-AuNPs) is not stable
enough in media with relatively high ionic strength, which
limits its application in real samples. To further improve the
probe stability, neutral nonionic surfactants Triton X-114,
which shows great potential in stabilizing nanomaterials,** was
introduced as the coating agent. This coating agent largely
improved the stability of AuNPs, which remain well-dispersed
in the NH,NO;—NH;-H,O buffer up to 15 mM, and markedly
enhanced the probe stability in real water samples without
reduction of probe sensitivity to As™. Therefore, [C,,(C¢);P]
Cl was selected as the suitable modifier in preparation of P-
AuNPs. The P-AuNPs were characterized by transmission
electron microscopy (TEM) with the average size of 11.1 nm
(see Figure S1 in the Supporting Information).

Specificity of P-AuNP to As". Very importantly, the P-
AuNP probe shows extremely high specificity to As™. In
comparison to AsY, As™ gave rise to much more significant
color change of the test solution from red to purple or blue,
which was represented by the increment of ratio of absorption
at 630 nm to that at 525 nm (A(Ags/As,s)), especially at pH
10.2 the A(Ag3/Asys) induced by As™ is ~10 times of that by
As" (Figure 2a). To understand the specific response of the
probe to As', we respectively measured the zeta potentials of
P-AuNP probe alone and its respective mixture with As™ and
As" at various pHs. Results shown in Figure 2b indicate that in
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Figure 2. (a) Effect of pH on the absorption ratio change (A(Ag30/Asys)) of P-AuNPs in the presence of As™ or As™; (b) zeta potentials of P-
AuNPs, P-AuNPs + As'™, and P-AuNPs + As" at different pH values. The respective concentrations of As™ and As” are 15 ug L™

19835 dx.doi.org/10.1021/am5052069 | ACS Appl. Mater. Interfaces 2014, 6, 19833—19839



ACS Applied Materials & Interfaces

Research Article

the presence of As", the zeta potential of the P-AuNP probe
kept almost constant in the entire studied pH range, which is
similar to that in blank solution. In the presence of As",
however, the zeta potential of the P-AuNP probe markedly
decreased at pH 8.0—11.0, thus the solutions appear purple or
blue because of the probe aggregation, which was evidenced by
the transmission electron microscope (TEM) image. As shown
in Figure 3a, the TEM iamges revealed P-AuNPs still kept well

Figure 3. TEM images of P-AuNPs after mixing with (a) buffer
solution, (b) buffer solution and As™. Buffer solution: pH 10.2,
NH,NO;—NH;-H,0, 10 mM; As™: 15 ug L™,

disperse in the NH,NO;—NH;-H,O buffer solution. However,
in the presence of As"™ and the buffer solution, aggregation of
P-AuNPs was observed (Figure 3b). This suggests that As™
(pK, 12.1, ~90% in the form of H,AsO;™ at pH 102*~*)
strongly associated with C,,(C4);P*, whereas As¥ (pK, 6.9,
~95% in the form of HAsO,*~ at pH 10.2*7*’) has negligible
association with C;,(C4);P*. The strong association between
H,AsO;~ and C,,(C¢);P" agreed with a previous report,” in
which C,4(Cq4);P* was assumed to react with HCrO,~ to form
[C14(C4);PTHCrO, through anion exchange.

Optimization of the Chromogenic Assay. In view of the
strong dependence of arsenic species on pH and the instability
of AuNPs in strong acid or basic media, the method sensitivity
is highly dependent on the solution pH (Figure 2a). While the
increase of response (A (Ag;o/Asys)) with pH in the range of
5.5—10.2 can be ascribed to the increase of H,AsO;™ fraction,
the dramatic dropping of the A(Ag0/As,s) value in pH 10.5—
11.0 is out of our expectation, as H,AsO;" is still the dominant
form of As™ in this pH range. We speculate that As"' was partly
oxidized to As’, which therefore reduced the response. To
verify this, we studied the conversion of As™ to AsV with
HPLC-AFS. Results showed that the P-AuNPs and solution pH
play a major role in the oxidization of As™ (see Figure S2 in the
Supporting Information). Without P-AuNPs, no oxidization of
As'™ occurred in 90 min at both pH 10.2 and pH 11.0, whereas
the oxidization of As™ to As" gradually reached to ~65% (pH
11.0) and ~30% (pH 10.2), respectively, when the reaction
time extended to 500 min. However, the presence of P-AuNPs
markedly enhanced the oxidization kinetics of As™ to As", with
a half-life period of about 50 min (pH 11.0) and 120 min (pH
10.2) for As™, and an oxidization ratio of ~100% (pH 11.0)
and ~90% (pH 10.2) at SO0 min, respectively. The enhanced
oxidization of As" suggests that P-AuNPs can catalyze this
reaction and alleviate the As toxicity to some extent, and further
study is being conducted in our laboratory.

The effect of buffer species was further evaluated by
comparison to Tris and phosphate buffer, respectively, and it
was demonstrated that ammonia-based buffers provided

19836

superiority in sensitivity and rapidity primarily as a result of
strong Hofmeister effect. Interestingly, the method sensitivity is
strongly dependent on the species of ammonium salts used
together with NH;-H,O for preparing the buffer solutions. Six
ammonium salts including NH,SCN, NH,NO;, NH,C],
NH,H,PO,, (NH,),SO,, and CH;COONH, were tested, and
it was only in NH,SCN-NH;-H,0 and NH,NO;—NH;-H,0O
buffer that the P-AuNPs showed response to As', possibly
because of the strong Hofmeister effect of SCN™ and NO,~,>"
and therefore lead to enhanced aggregation of the P-AuNPs.
However, the Hofmeister effect of SCN™ was so strong that it
induced significant blank response of the P-AuNP probe, thus
NH,NO;—NH;-H,0 buffer was selected in the following
experiments. The buffer concentration also significantly affects
the response of the P-AuNP probe to As™ (Figure 4), and the
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Figure 4. Effect of buffer concentration on the absorption ratio change
(A(Agzo/Asys)) of P-AuNPs in the presence of 15 ug L™ As™

highest sensitivity was obtained in 10—15 mM NH,NO;—NHj-
H, O buffer solutions. Lower buffer concentration is unfavorable
to control the optimum pH value (pH 10.2), whereas higher
buffer concentration could enhance the blank response due to
the salt effect.

It is well-known that the AuNP probe concentration has
significant effect on the detection sensitivity.”*~>” Small amount
of P-AuNPs are not able to react with As™ completely, while
more P-AuNPs lead to higher blank absorbance. Both of the
aforementioned conditions give rise to low sensitivity. Here we
optimized the probe concentration in the range of 0.25—1.5
nM, and 0.75 nM P-AuNPs gave rise to the maximum response
to As™ (Figure 5).

Both colorimetric reaction temperature and time were
further optimized to improve the detection. Although the
response increased slightly with temperature from 4 to 37 °C
and then decreased with the further increase in temperature
(see Figure S3a in the Supporting Information), room
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Figure S. Effect of P-AuNPs concentration on the absorption ratio
change (A(Ag0/Asys)) of P-AuNPs in the presence of 15 ug L™ As™.
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Figure 6. (a) Absorbance ratio (Agyo/Asys) of P-AuNPs in the presence of As™, As", and environmentally relevant ions; (b) photographic image of
solutions of P-AuNPs containing common ions in the environment (As™, 0.2 uM; other ions, 1 #M; B, blank); (c) Photographs of P-AuNPs

solutions after addition of 0, 7.5, 10, 15, and 25 ug L™ As"™.

temperature was adopted as it provides acceptable sensitivity
and is more favorable for conduction. The response increased
sharply with time up to 60 min and then almost level off (see
Figure S3b in the Supporting Information), thus an incubation
of 60 min can be used to achieve high sensitivity. However, in
this work, an incubation period of 30 min, which provides half
of the response at 60 min and satisfactory sensitivity, was
adopted to reduce test time.

Analytical Performance. The selectivity of the proposed
P-AuNP probe for As"™ was evaluated by observing its
responses to environmentally relevant cations (K*, Na*, Ca**,
Mg2+, A13+, Niz+’ F63+, CI‘3+, Zn2+, Mn2+, Pb2+, Cd2+, Hg2+) and
anions (SO,>, PO,>, CO;*", NO, , Si0;>", As'). Other
common anions such as CI7, NO;~, and SCN™ were not tested,
as experiments showed that the use of buffers containing high
concentration of these anions had no interfere on the detection.
As shown in Figure 6a and b, the probe had no response to at
least 1.0 uM each of the other environmentally ions, whereas
significant response to 0.2 uM As" was observed. We also
tested the interference from biomolecules and surfactants, and
it was found that as high as 1% (m/v) sodium dodecyl sulfonate
(SDS) and bovine serum albumin (BSA) showed no effect on
the detection. When 0.01 mM ascorbic acid was introduced
into the sample solutions to reduce As' to As", the above
results hold except that As” showed the same response as that
of As™ (see Figure S4 in the Supporting Information), again
indicating the probe is applicable for speciation test of As"™ and
As”. It is noteworthy that the P-AuNP probe can tolerate high
concentration of PO,*~ (10 mM), which usually gives rise to
significant interference in As detection by other probes.'>>*>*

Next we studied the sensitivity of the proposed probe in the
presence of different concentration of As™. Under the above
optimized conditions, the detection limit by naked eyes is 7.5
ug L' As™ (Figure 6¢), which is lower than the limit of As for
drinking water (10 ug L™') required by the World Health
Organization and US EPA. Additionally, the repeatability
evaluated by relative standard deviation (RSD) in measuring
the A(Ago/Asys) value of five standard solutions (10 pg L™
As™) with a UV—vis spectrophotometer was 5.9%. The same
detection limit and repeatability were obtained for As’ after
reduction with 0.01 mM ascorbic acid.

Practical Application. The applicability of the our novel
nanoprobe was further demonstrated by assaying As™ and As"
in certified reference water (GBWO0860S, 500 ug kg™' As™),
spiked lake water, and groundwater samples. For all the samples
with As™ and As” concentration over 7.5 ug L™, positive
response was observed by naked eyes. In addition, the As™ and
As” concentration (ug L") assayed by the proposed procedure
with UV—vis detection agreed well with that by HPLC-AFS for
the certified reference water, the groundwater and the spiked
lake water. Results in Table 2 suggested the potential
application of the proposed method for speciation test of
As™ and As" in real water samples.

Table 2. As™ and As" Concentrations (ng L™}, mean + SD, n
= 3) in Water Samples Determined by the Proposed
Procedure (data obtained by UV—vis spectrophotometer)
and Validated by HPLC-HG-AFS

referred/spiked detected”
Asl AsY Asll A5’
lake water 15 15 16.5 + 1.3 173 + 1.5
underground water 256 + 16 390 + 20 270 + 16 420 + 44

certified reference
water

“By the proposed procedure. “By HPLC-HG-AFS. “N.D.: lower than
LOD (7.5 ug L™).

450 +20“ N.D.C 462 + 15 N.D.

B CONCLUSIONS

The selective interaction between C4(C¢);P* and As™ was first
demonstrated by EXAFS analysis. With the P-IL we have
developed a sensitive As"-specific P-AuNP probe for visual
speciation test of As™ and As" at levels below the WHO
guideline for drinking water (10 ug L™"). The extremely high
specificity of the probe is attributed to the ILs modifier
C14(C¢)3P*, which has much stronger binding to As™ than As".
The proposed probe also featured with low-cost, high tolerance
to common coexisting ions such as 10 mM PO,’”, and no
requirement of equipment, which make the probe suitable for
field test of As™ and As" in environmental waters. The excellent
designability and the large pool of over 10'® kinds of ILs>*

dx.doi.org/10.1021/am5052069 | ACS Appl. Mater. Interfaces 2014, 6, 19833—19839



ACS Applied Materials & Interfaces

Research Article

provide great possibility in designing/selecting of task-specific
ILs as coatings for preparation of AuNP probe, and our work
opens a new window for the development of highly specific
nanoparticle-based probes by selecting/designing proper ILs as
modifiers.

B ASSOCIATED CONTENT

© Supporting Information

Transmission electron microscope (TEM) image of phospho-
nium ionic liquid-functionalized gold nanoparticles (P-AuNPs),
transformation percentage of As'" along with the time in the
presence and absence of P-AuNPs, effects of temperature and
incubation time on the absorption ratio change, and
interference evaluation in the presence of ascorbic acid.
Supplemental figures are available free of charge via the
Internet at http://pubs.acs.org.
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