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Abstract

Recognition of small diffusible molecules by large
biomolecules is ubiquitous in biology. To investigate
these interactions, it is important to be able to immo-
bilize small ligands on substrates; however, preserving
recognition by biomolecule-binding partners under
these circumstances is challenging. We have developed
methods to modify substrates with serotonin, a small-
molecule neurotransmitter important in brain function
andpsychiatric disorders.Tomimic soluble serotonin,we
attached its amino acid precursor, 5-hydroxytryptophan,
via the ancillary carboxyl group to oligo(ethylene glycol)-
terminated alkanethiols self-assembled on gold. Anti-
5-hydroxytryptophan antibodies recognize these sub-
strates, demonstrating bioavailability. Interestingly,
5-hydroxytryptophan-functionalized surfaces capture
membrane-associated serotonin receptors enantio-
specifically. By contrast, surfaces functionalized with
serotonin itself fail to bind serotonin receptors. We
infer that recognition by biomolecules evolved to
distinguish small-molecule ligands in solution requires
tethering of the latter via ectopic moieties. Membrane
proteins, which are notoriously difficult to isolate, or
other binding partners can be captured for identifica-
tion, mapping, expression, and other purposes using
this generalizable approach.
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M
olecular interactions are often investigated
using immobilization strategies (1-20). Teth-
ered ligands, referred to as probes, are used to

capture, to identify, and to determine affinities for
binding partners, known as targets. Planar substrates,
particles, quantum dots, and cells have been employed
as scaffolds to present ligands to binding partners
(9,21-24). Self-assembledmonolayers (SAMs) are parti-
cularly useful in this regard because lithographic and
other methods can be employed to impart precise con-
trol over surface chemistries (2, 25-32). Carbohydrates
(4), antibodies (6-9), peptides (10, 11, 33), nucleic acids
(9, 12), lipids (13, 34), and membrane-associated recep-
tors (35, 36) have been investigated as probes.Materials
functionalized with these ligands have been shown to
capture small molecules, complementary nucleic acids
(9, 12), protein binding partners (10, 13, 14), receptors
(15, 16, 33, 37), and living cells (17-20) in the context of
biosensing and biomedical applications.

In addition to intermolecular interactions between
macromolecules, binding of small-molecule ligands
such as neurotransmitters, hormones, intracellular sig-
naling molecules, or cofactors to cognate receptors and
other large biomolecules is of central importance to
many biological processes including cell signaling and
gene regulation. Understanding interactions between
small molecules and macromolecules, discovering new
receptors for small molecules, and investigating groups
of binding partners related by their affinity for small-
molecule ligands are key to identifying novel targets for
drug development and advancing our understanding of
biological systems (38-40). Despite this, immobiliza-
tion of small molecules (ca. 200Da) has not beenwidely
accomplished, due in part to limitations associated with
maintaining molecular recognition (41, 42). There have
been a few reports of small-molecule enzyme substrates
or inhibitors tethered to SAMs (14, 43) or estradiol to
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dendrimers (44) with evidence of functional recognition.
Research has also been carried out on γ-aminobutyric
acid (GABA), the major inhibitory neurotransmitter in
the central nervous system (24, 45-47). We recently
reported an approach to tethering the small-molecule
neurotransmitter serotonin (5-hydroxytryptamine; 5-HT;
Figure 1) to SAMs (5). We used insertion-directed self-
assembly (26, 29,30, 48-50) to place carboxyl-terminated
hexa(ethylene glycol) alkanethiols (HEG) into defects at
step edges and domain boundaries in pre-existing
SAMs consisting of hydroxyl-terminated tri(ethylene
glycol) alkanethiols (TEG). This method enables dilu-
tion and appropriate spacing of the tether molecules to
facilitate recognition of small-molecule probes bymuch
larger binding partners. Functionalization was carried
outbyamidebond formationbetween theprimaryamine
moiety of 5-HT and the terminal carboxyl group of the
isolated HEGs (Figure 1). Surfaces prepared by this
method show selective recognition of monoclonal and
polyclonal anti-serotoninantibodieswith lownonspecific
binding (5).

To date, our research on immobilized serotonin and
the work of others onGABAhas relied on antibodies to
demonstrate biospecific recognition. However, small-
molecule neurotransmitters are of insufficient size to
elicit immune responses; therefore, producing anti-
bodies against these haptens requires that they be coupled
to large presenting macromolecules such as bovine
serum albumin (51). Unlike endogenous receptors, which
have evolved to recognize small signalingmolecules that
diffuse freely through the extracellular space and/or
intracellular compartments, antibodies against smallmole-
cules necessarily recognize tethered smallmolecules. For
example, anti-5-HT antibodies show excellent molecu-
lar recognition of serotonin conjugated by its primary
amine to brain proteins via paraformaldehyde fixation
(52, 53) or to acylated serotonin (54), which approxi-
mates the immunizing hapten-conjugate. The limitation
of this approach is evident as anti-5-HT antibodies have
poor affinity for serotonin in solution (55).

Our ultimate goals are to devise surfaces functional-
izedwith small-molecule probes for two purposes. First,
these surfaces will be used as tools for functionally
directed proteomics, as described below. Second, they
will be employed to identify molecular recognition
elements for small molecules selected from combina-
torial libraries. Molecular recognition elements will be
coupled to nanowires (3, 56, 57) or other nanostructures
(58) for high-resolution in vivo sensing. Neurotransmit-
ters act at the scale of nanometers and in milliseconds.
Currently, in vivo sensors for serotonin function at the
micrometer scale and suffer from low time resolution
(min) (52, 59-61) or poor chemical selectivity for mea-
suring endogenous serotonin (62, 63). In vivo detection
of many other neurotransmitters is comparable,
although dopamine (64, 65) and, more recently, a few
nonelectroactive transmitters (66, 67), have been detec-
ted relatively selectively and rapidly by in vivo voltam-
metry. Advances that enhance chemical selectivity and
spatial and temporal resolution, and that enable multi-
plexing for in vivo sensing applications will be critical to
deciphering information encoded in chemical signaling
in the brain and the periphery.

Here, we describe the next generation of capture
surfaces designed to mimic small molecules in solution.
We have functionalized surfaces with the biological
amino acid precursor of serotonin, 5-hydroxytrypto-
phan (5-HTP;Figure 1).Wehypothesized that tethering
via the carboxyl group on 5-HTP would leave all func-
tional groups associatedwith the serotonin core structure
accessible for recognitionbynativemembrane-associated
receptors that bind to free serotonin in the extra-
cellular space (68). We find that 5-HTP-functionalized
surfaces but not serotonin-functionalized surfaces selec-
tively capture native serotonin membrane-associated
receptors. Thus, tethering small-molecule ligands via

Figure 1. Self-assembled monolayers on gold are functionalized with
serotonin (left) or its amino acid precursor, 5-hydroxytryptophan
(right). Tethering of 5-hydroxytryptophan (5-HTP) via its carboxyl
group and a diethylamine linker retains the primary amine for reco-
gnition, mimicking free serotonin (5-hydroxytryptamine, 5-HT).
Tethering occurs via dilute carboxyl-terminated oligo(ethylene glycol)
alkanethiols. The oligo(ethylene glycol) matrix resists nonspecific
binding.
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ectopic functional groups represents a fundamental
synthetic strategy for producing materials capable of
capturing native (or nonnative) biomolecules with ulti-
mate specificity for the associated free small-molecule
ligands.

Results

5-Hydroxytryptophan-Functionalized Substrates
Recognize 5-HTP Antibodies

To assess bioavailability, 5-HTP-functionalized sur-
faces were incubated with polyclonal antibodies raised
against 5-HTP, and binding was evaluated using quartz
crystalmicrogravimetry (QCM). The specificity of these
surfaces was investigated by challenging separate sam-
ples with either rabbit anti-IgG polyclonal antibodies or
BSA. The IgG antibody was chosen as a representative
nonspecific antibody. Additionally, BSA was used to
investigate nonspecific adsorptionof proteins onto 5-HTP-
functionalized surfaces. As illustrated in Figure 2, 5-HTP-
functionalized surfaces bind 5-HTPantibodies as indicated
by a large decrease in mean QCM resonance frequency.
By contrast, changes inQCM frequencies in response to
anti-IgG antibodies or BSA were minimal and were
significantly lower than those observed in response to
anti-5-HTP antibodies (P<0.01 compared with 5-HTP
antibody binding).

Substrates Bearing 5-HTP Capture Serotonin
Receptors with Enantioselectivity

In previous experiments, we used carbodiimide cou-
pling chemistry to form amide bonds between carboxyl-
terminatedHEGalkanethiols and the primary amine of
serotonin to form 5-HT-functionalized surfaces (5).
These materials showed selective molecular recognition
of serotonin antibodies vs antibodies directed against
other neurotransmitters or neuronal enzymes. How-
ever, in this strategy, the serotonin primary amine is

used in the linking chemistry and is not freely available
for recognition by native binding partners such as
endogenously expressed receptor proteins. To test the
importance of the primary amine moiety, we devel-
oped 5-HTP-functionalized surfaces and investigated
biospecific recognition and capture of membrane-asso-
ciated serotonin receptors on 5-HTP- vs 5-HT-function-
alized surfaces (Figure 3a). 5-Hydroxytryptophan is the
amino acid precursor of serotonin, having a structure
similar to serotonin but with an R-carboxyl group
(Figure 1).

Self-assembled monolayers formed on QCM crystals
were functionalized with dilute 5-HTP or 5-HT and
incubated with solutions of recombinant membrane-
associated5-HT7 receptorproteins.Thedata inFigure 3b
show that serotonin-functionalized surfaces bind rela-
tively small amounts of 5-HT7 receptors, as indicated
by the negligible change in mean QCM resonance fre-
quency. By contrast, surfaces functionalized with DL-5-
HTP show significantly larger changes in mean QCM
frequency, suggesting that receptor capture occurs (P<
0.01 vs 5-HT-functionalized surfaces).

We further tested the importance of probe selection
by functionalizing SAMs with the biologically active
stereoisomer L-5-HTP. As seen in Figure 3b, compared

Figure 2. Changes in quartz crystalmicrobalance resonance freque-
ncies in response to antibody binding. 5-Hydroxytryptophan-func-
tionalized quartz crystals were exposed to polyclonal (pAb) antibodies
raised against 5-hydroxytryptophan (5-HTP), anti-rabbit polyclonal
antibodies against immunoglobulin-G (IgG), or bovine serum albumin
(BSA). The large decrease inmeanQCM frequency after 5-HTP pAb
exposure suggests selective binding of this antibody relative to IgG
pAb or BSA. Error bars represent SEMs forN=3 samples [F(2,6)=
610; P<0.001]; // indicates P<0.01 vs IgG pAb and BSA.

Figure 3. 5-HT7 receptor binding to functionalized surfaces: (a) sche-
matic illustration of selective capture of serotonin receptors by (ii) 5-
HTP- but not (i) 5-HT-functionalized surfaces; (b) QCM responses
of L-5-HTP-functionalized surfaces are twice those for DL-5-HTP-
functionalized surfaces for binding to recombinant 5-HT7 receptors.
In contrast, 5-HT-functionalized surfaces show very little binding
of 5-HT7 receptors. Error bars represent SEMs for N=3 samples
[F(2,6)=88;P<0.001]; // indicatesP<0.01; /// indicatesP<0.001
vs 5-HT-functionalized surfaces; † indicatesP<0.001 vs DL-5-HTP-
functionalized surfaces.
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with DL-5-HTP-functionalized surfaces, decreases in
QCMfrequencies doubledwhen L-5-HTP-functionalized
surfaceswere exposed to the same concentrationof 5-HT7

receptors (P<0.001 vs 5-HT-functionalized surfaces
and DL-5-HTP-functionalized surfaces). Thus, 5-HTP-
functionalized surfaces appear to recognize and to bind
recombinant 5-HT7 receptors in a stereospecificmanner.
These data also suggest that binding is limited by the low
surface coverage of the small-molecule probe.

Serotonin-Receptor-Containing Nanovesicles Bind
to Substrates

Asdescribed in theSupporting Information,membrane-
associated receptor preparations containing 5-HT7

receptors were analyzed by dynamic light scattering
(DLS) to determine the size distributions of the
membrane vesicles. In addition toQCM,we analyzed
5-HT7 receptor binding on L-5-HTP-functional-
ized surfaces by atomic force microscopy (AFM).
Figure 4a shows a representative topographic image

of an L-5-HTP-functionalized substrate prior to recep-
tor vesicle immobilization. Here, we observed large,
flat domains on the surface. These surfaces were then
incubated with 5-HT7 receptor-containing vesicles,
which resulted in the appearance of new features
(Figure 4b). Inorder todetermine the sizesof the vesicles
bound to 5-HTP-functionalized surfaces, we analyzed
the volumes of a representative number of captured
vesicles and compared these with vesicle volumes deter-
mined from DLS measurements of vesicles in solution.
In both cases, vesicle shapes were assumed to be sphe-
rical for determination of volumes. AGaussian fit to the
volume histogram of the captured vesicles showed an
average volume of 4000 nm3. Measurements made by
DLS indicate that smaller vesicles have a volume of
approximately 3000 nm3. Together, the AFM and
DLS data suggest that small vesicles containing 5-HT7

receptors with diameters on the order of ∼20 nm dom-
inate binding on 5-HTP-functionalized surfaces.

Figure 4. Representative AFM images and schematics for dilute L-5-HTP-functionalized surfaces. Substrates (a) before and (b) after 5-HT7

receptor vesicle immobilization. The sizes of features observed are consistent with vesicles sized prior to capture (see text and Supporting
Information). Discussions of the schematics generated frommolecular dynamics simulations and the captured vesicle volumes are given in the
Supporting Information.
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5-HTP-Functionalized Surfaces Demonstrate
Selective Receptor Capture

Surfaces functionalized with L-5-HTP were exposed
to additional recombinantmembrane receptors to study
binding interactions. Here, 5-HT1A receptors were used
as the native binding partners for serotonin, whereas
G-protein-coupled receptors for the neurotransmitters
GABA or dopamine were used to test selectivity. As
shown in Figure 5, 5-HTP-functionalized surfaces cap-
ture 5-HT1A receptors, as indicated by a large decrease
in mean QCM resonance frequency. We observed a
similar trend for 5-HT1A receptors, whereby changes
in QCM frequencies for binding to L-5-HTP sur-
faces were approximately twice those found using DL-5-
HTP-functionalized surfaces. By comparison, receptors
for the neurotransmitters dopamine (D1) or GABA
(GABAB1b) elicited substantially smaller frequency re-
sponses (P<0.01 vs 5-HT1A receptor binding), indicat-
ing nonspecific adsorption at approximately 20% of
the specific binding of the same concentration of the
serotonin receptors on these surfaces. Surfaces function-
alized with DL-5-HTP similarly showed only small re-
sponses when exposed to D1 receptors (37.5( 2.5 Hz).
Together, these data indicate that 5-HTP-functionalized
surfaces capture membrane-associated serotonin recep-
tors selectively comparedwith receptors for closely related
small-molecule neurotransmitters.

Discussion

Computer simulations and molecular biological and
biophysical approaches have been used to investigate
specific interactions between serotonin and its receptors
(69). Modeling data suggest that the primary amine,
indole nitrogen, and 5-hydroxyl groups of serotonin are
all involved in recognition by 5-HT1A receptors (70). In
studies on 5-HT2A (71) and 5-HT2B (72) receptors,
modeling and mutagenesis experiments indicate that a
critical aspartate residue in the third transmembrane

domain associates with the protonated primary amine
during high affinity binding of serotonin. This appears
to be a common motif across the superfamily of G-
protein coupled receptors, which includes the serotonin
receptors (69). The current findings further support
this model because the primary ethylamine moiety of
serotonin is only available to interact with serotonin
receptors in 5-HTP- but not 5-HT-functionalized mate-
rials. Steric hindrance associated with direct coupling
of 5-HT via the primary amine might also impair re-
cognition by serotonin receptors. Interestingly, N,N-
dimethyltryptamine (DMT) analogs, which are charac-
terized by steric hindrance at the ethylaminemoiety, are
selective ligands for 5-HT2A/5-HT2C (73) and 5-HT6

receptors (74). Future experiments aimed at compar-
ing recognition of these receptor subtypes by 5-HT- vs
5-HTP-fuctionalized surfaces, in addition to DMT-
functionalized surfaces, are anticipated to yield further
insight into the structural requirements of tethering
small molecules so as to impart selective molecular
recognition by native receptors.

Serotonin receptors appear to recognize immobilized
5-HTP in a stereoselective manner, which was un-
expected at first given that serotonin itself is not chiral.
However, receptor binding pockets are asymmetrical;
that is, they have specific three-dimensional conforma-
tions (70). Thus, L-5-HTP tethered to HEG appears to
present the 5-HT “pharmacophore” in an orientation
that allows it to fit into the serotonin-binding cleft as
opposed to HEG-tethered D-5-HTP. This concept will
be explored further by comparing the ability of oligo-
(ethylene glycol)-tethered 5-HTP enantiomers to stimu-
late serotonin receptor activity as a test of functional
recognition. Along similar lines, a biotinylated form of
theGABAreceptor agonist,muscimol (5-aminomethyl-
3-hydroxyisoxazole), has been conjugated via avidin to
silanized silicon substrates (75). Vu and co-workers
showed that this free “mucimol-biotin” complex retains
biological activity in electrophysiological studies using
Xenopusoocytes (76).Furthermore,muscimol-conjugated
quantum dots were recently shown to bind to GABAC

receptors (24), although physiological activity has yet to
be demonstrated.

Recently, an amine-terminated hexa(ethylene glycol)
alkanethiol became commercially available (ProChimia,
Sopot, Poland).We have used this alkanethiol for direct
conjugation of the carboxylmoiety of 5-HTP, obviating
the need for the diethylamine linker used here. As the
number of alkanethiols or other tethers available for
self-assembly increases, direct attachment of different
classes of small molecules on surfaces will become pos-
sible. Additionally, solution-phase syntheses of tether-
ed small molecules for direct self-assembly presents
an alternate route well suited for producing multi-
plexed capture surfaces. For example, Nelson et al. used

Figure 5. Selective binding of membrane receptors to L-5-HTP-
functionalized surfaces. Serotonin 1A receptors show 4-5-fold higher
binding to 5-HTP-functionalized surfaces compared with G-protein-
coupled receptors for the neurotransmitters dopamine (D1) or GABA
(GABAB1b) assessed by quartz crystal microgravimetry. Error bars
represent SEMs forN=3 samples [F(2,6)=234; P<0.001]; // indi-
cates P<0.01 for 5-HT1A vs D1 or GABAB1b.
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solution-phase synthesis to link biotin to oligo(ethylene
glycol) followed by attachment to an alkanethiol to
produce a biotin-terminated oligo(ethylene glycol) alkane-
thiol (77). This “pre-functionalized” tether was used to
form SAMs for streptavidin immobilization. These
strategies, as well as the use of different coupling chem-
istries including those that circumvent the need to utilize
protecting group chemistries (78), could be used to
couple native precursors of biologically important small
molecules or synthetic analogs containing appropriate
ectopic groups to tethers in a generalizable approach for
producing substrates functionalizedwith small-molecule
solution mimics.

Conclusions and Prospects

Wehavedevelopedmethods for tethering the serotonin
analog 5-hydroxytryptophan via its ancillary carboxyl
moiety to substrates. This immobilization strategy
allows all functional groups associated with the seroto-
nin structure to be available for molecular recognition.
We demonstrate bioavailability of surface-immobilized
5-HTP via binding of anti-5-HTP antibodies. Moreover,
5-HTP-functionalized surfaces show enantiospecific
recognition of native membrane-associated serotonin re-
ceptors. Incontrast, surfaces functionalizedwith serotonin
itself show poor serotonin receptor recognition.

Small-molecule-functionalized surfaces can be used
as proteomics tools, in combination with mass spectro-
metry (28) and other techniques, to identify novel inter-
acting proteins or to study relative changes in the
expression levels of groups of proteins related function-
ally by their affinities for small biomolecules. We antici-
pate that small-molecule-functionalized surfaces of the
type synthesized here can be used to investigate interac-
tions between small molecules and DNA, to identify
endogenous siRNAs or microRNAs, or to screen for
nucleic acid aptamers for use in biosensors designed to
detect free small molecules. When combined with litho-
graphic techniques for patterning SAMs (2, 25-32),
small-molecule microarrays will be able to be fabri-
cated for a wide range of applications in biology and
medicine.

Methods

Preparation and Functionalization of SAMs
Self-assembled monolayers on Au functionalized with

serotonin were prepared essentially as previously des-
cribed (5), with the exception that carboxyl-terminated hexa-
(ethylene glycol) alkanethiol tethers were co-deposited from
solution at a low molar ratio with hydroxyl-terminated tri-
(ethylene glycol) alkanethiols, instead of using insertion-
directed self-assembly (25, 30). The tethering chemistry for
attaching 5-HTP to SAMs is described in detail in the online
Supporting Information.

Characterization of Receptor Protein Preparations
Recombinant receptor preparations were composed of

membrane fractions containing heterologously expressed
human receptors from transfected Chinese hamster ovary
(CHO) cells. Dynamic light scattering was used to determine
the sizes of vesicles (10 μg/mL solutions in Tris-HCl buffer)
andwas performedwith aViscotek 802DLS system (Viscotek,
Houston, TX).

Quartz Crystal Microbalance Measurements
Quartz crystal microgravimetry was used to quantify anti-

body and receptor protein binding on functionalized surfaces.
Measurements were taken using a 10 MHz lever oscillator
(International Crystal Manufacturing, Oklahoma City, OK)
and an Agilent digital multimeter and frequency counter
(Agilent, Palo Alto, CA). Biomolecule binding was carried
out on gold-coated QCM crystals (International Crystal
Manufacturing, Oklahoma City, OK) prepared with SAMs
and functionalized with 5-HT, DL-5-HTP, or L-5-HTP. Crys-
tals had a base resonance frequency of 10MHz and electrode
areas of 0.2 cm2. Functionalized QCM crystals were placed
into an acrylic liquid flow cell (International Crystal Manu-
facturing, Oklahoma City, OK) with a 70-μL volume. The
flow cellwas sealedwith anO-ring, and eachQCMcrystal was
allowed to reach a stable baseline frequency. After stabiliza-
tion, 10 cell volumes of Tris-HCl buffer (50mM, pH 7.4) were
flowed through the cell, and the baseline resonance frequency
was recorded.

To test for biomolecule capture on L-5-HTP-functionalized
surfaces, antibodies were diluted 1:400 in phosphate buffer (PB)
(11mMNaH2PO4, 39mMNaH2PO4, pH7.4) and injected into
the flow cell and allowed to equilibrate for 10 min. Subse-
quently, 10 cell volumes of PB buffer were injected, and the
resonance frequencies were recorded. The QCM resonance
frequency changes were calculated as the differences between
the frequenciesobtainedbeforeandafter injectionof antibodies.
Similarly, to assess nonspecific binding on 5-HTP-functiona-
lized surfaces, BSA at 300 nM in PB buffer was incubated,
and binding was measured as described above. For receptor
binding studies, solutions containing 10μg/mLof each receptor
preparation in Tris-HCl buffer were injected into the flow
cell and allowed to equilibrate with functionalized QCM
crystals for 10 min. Functionalized QCM crystals were only
challenged with one protein per crystal, and crystals were not
reused.

Atomic Force Microscopy
Imagingwas performedwith aThermoMicroscopesAuto-

probe CP Research atomic force microscope (Veeco, Santa
Barbara, CA) in noncontact mode under ambient conditions.
Silicon-nitride-coated plank-style AFM tips (Mikromasch,
Portland, OR) with a spring constant of 40 N/m and a
resonance frequency of 170 kHz were used to produce all im-
ages. Imaging was performed on commercially available Au-
{111} on mica (Molecular Imaging, Tempe, AZ) prepared
with SAMs and dilute L-5-HTP functionalization. Images
were collected at a scan rate of 1.0 Hz and a scan size of
0.5 μm. For receptor binding and volume analysis, 10 μg/mL
of 5-HT7 receptor preparations in Tris-HCl buffer were
incubated on 5-HTP-functionalized surfaces for 15 min, fol-
lowed by rinsing with deionized H2O and drying under a
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stream of nitrogen. For comparison, 5-HTP-functionalized
surfaces prior to incubation with receptor proteins were
scanned under identical conditions. Images were analyzed
using WSxM software (Nanotec Electronica, Madrid, Spain)
to calculate the volumes of captured vesicles containing
receptor proteins (79). Threshold filtering was performed
using theWSxM flooding routine to calculate vesicle volumes.
Thismethodwas previously used byKad et al. to calculate the
volume of proteins on mica surfaces (80). Images were first
flattened, and analysis of each vesicle was performed. Indivi-
dual vesicles were highlighted and theWSxMflooding routine
was used to calculate vesicle volumes.

Statistical Analysis
AnalyseswereperformedusingGraphpadPrism (GraphPad

Software,LaJolla,CA).Twogroupcomparisonswereanalyzed
by unpaired two-tailed t-tests. Multiple group comparisons
were evaluated for overall significant differences by one-way
analysis of variance (ANOVA) followedby either a priori t-tests
orTukey’spost hoc comparisons to evaluatedifferencesbetween
individual groupmeans.Dataare reportedasmeans( standard
errorsof themeans (SEMs)withP<0.05considered statistically
significant.
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