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ABSTRACT
Human pregnane X receptor (PXR) is of vital importance in pharmaceutical and exogenous compound metabolism
within the body. This provides strong motivation for investigating this orphan receptor’s activation by various pharmaceuticals, xenobiotics, and endocrine disrupting chemicals (EDCs). A nanomechanical transducer is developed to study
xenobiotic and EDC interactions with the bioreceptor PXR’s ligand binding domain (LBD). The combination of immobilized LBD PXR with a nanostructured microcantilever (MC) platform allows for the sensitive, label-free study of ligand interaction with the receptor. PXR shows real-time, reversible responses when exposed to a specific pharmaceutical, EDCs, and xenobiotic ligands. Three EDCs binding interactions are tested, which include phthalic acid, nonylphenol, and bisphenol A, with PXR. PXR LBD was exposed to rifampicin, a potent PXR activator, with various injection
and recovery times to study their interaction. A two protein array of PXR and estrogen receptor  (ER-) directly
compares the nanomechanical responses of these receptors with rifampicin on a single platform.
Keywords: Microcantilevers, Nanobiosensing, Pregnane X Receptor, Estrogen Receptor, Endocrine Disrupting
Chemicals, Bioarray

1. Introduction
Humans are exposed to harmful chemicals and contaminants each day. It is essential that these toxins are removed or detoxed from the body. These foreign compounds or xenobiotics, which include environmental
toxins, endogenous hormones, steroids, pharmaceuticals,
and dietary supplements, trigger a line of defense mechanisms within the body. The family of cytochrome
P450 enzymes are the main xenobiotic defenders for
mammals. These enzymes include four families of
Cytochrome P450 monooxygenases: CYP1, CYP2,
CYP3, and CYP4 [1]. Cytochrome P4503A4 (CYP3A4),
a critical member of our defense system, makes the removal of many unwanted xenobiotics possible [2].
CYP3A4 and its isoforms are highly involved in pharmaceutical metabolism, playing a significant role in metabolizing approximately 50% of drugs used today [3,4].
When xenobiotic ligands bind to a specific nuclear hormone receptor, the interaction transcriptionally activates
CYP3A4 [5]. In 1998, a novel orphan human nuclear
receptor was identified and termed pregnane X receptor
Copyright © 2011 SciRes.

(PXR), steroid and xenobiotic receptor (SXR), pregnane
activated receptor (PAR), and NR1I2 [6-9]. Herein, we
choose to use the term PXR.
PXR is activated by a broad array of structurally diverse xenobiotics [10]. This wide activation range is possible is due to a unique ligand binding domain (LBD) or
pocket, which can expand to fit a variety of sized ligands.
PXR’s LBD has two  strands that are not present in
other nuclear receptors and that allow its expansion [11].
This flexible, hydrophobic LBD allows PXR to be activated by a diverse range of synthetic and naturally occurring chemicals making it an interesting candidate to serve
as a xenobiotic sensor [12].
Importantly, PXR is activated by numerous pharmaceuticals with diverse properties, functions, and structures and controls the expression of genes that are vital to
pharmaceutical metaolism [13,14]. PXR activation mediates transcription of CYP enzymes, which are considered
drug metabolizing enzymes [1,12]. Since PXR activation
allows for regulation and expression of CYP3A this interaction is critical to drug metabolism [2]. Pharmaceutical metabolism and interaction is vital to monitor and
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prevent drug-drug interactions. Drug-drug interactions
can occur when co-administered drugs alter the efficacy
of one another. This usually occurs when one drug increases or decreases the metabolism of another [3,14].
Contaminants could modify drug concentrations in vivo
and skew the prescribed therapeutic dose.
High throughput, sensitive screening and detection of
xenobiotics are critical to determine harmful toxins and
possible drug-drug interactions. A highly sensitive, inexpensive, and rapid sensor utilizing the nuclear receptor
PXR has been developed and is demonstrated within.
Recently, biosensors based on microcantilevers (MCs)
have been used to detect and screen for many harmful
environmental contaminants using estrogen and thyroid
receptor proteins [16,17]. The high sensitivity and widespread availability of inexpensive MCs has generated
intense interest in their use as chemical and biological
sensors [18-27]. Additionally, MCs can be used with
on-chip circuitry and in microcantilever arrays for high
throughput and simultaneous differential assays and bioaffinity studies with a very small transducer footprint that
potentially could be employed in the field.
A MC suitable for biosensing is modified on one side
with a nanostructured layer and a receptor phase that has
some degree of affinity for the analyte. By exploiting
PXR’s affinity for a diverse range of ligands, we are able
to screen for xenobiotics quickly and without extensive,
time-consuming labeling techniques and cell preparation
[10,14,15,28,29]. Specific interactions of the target analytes with the receptor can cause an apparent surface
stress and nanomechanical bending that may be conveniently monitored based on the beam bending technique
commonly used in atomic force microscopy. The static
bending (tip deflection, zmax) of the MC varies in selectivity and sensitivity due to preferential binding of analyte molecules on the functionalized, active MC surface
and is governed by Stoney’s equation [30]

zmax 

3l 2 (1  v)

Et 2

(1)

where v and E are, respectively, the Poisson ratio and
Young’s modulus for the cantilever, t is the thickness of
the MC, l is the cantilever effective length, and  is
analyte-induced differential surface stress (active side passive side).
We demonstrate that detection and screening for pharmaceuticals and endocrine disrupting chemicals (EDCs)
can be accomplished with functionalized MCs. These
sensors provide real-time measurements of surface stress
changes resulting from ligand interaction with immobilized proteins in the low-to-sub-nanomolar range [20].
Sensitivity is critical in biosensors due to the ultra-trace
Copyright © 2010 SciRes.
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concentrations of many xenobiotics that can impact biological systems. Nanostructured MC biosensors allow
detection without labels and in a detection range that is
applicable for real biological systems [31]. PXR immobilized on a nanostructured MC surface provides sensitive
and reversible detection of various pharmaceuticals and
environmental contaminants or EDCs. To our knowledge,
this is the first time the orphan nuclear receptor PXR has
been immobilized on a MC surface. Due to PXR’s unique
nature we saw interesting results in our concentration
studies with rifampicin as well as surprising responses
when utilizing differently tagged PXR-receptors.

2. Materials and Methods
2.1. Reagents
Experiments were performed using commercially available silicon arrays of MCs having dimensions 400µm
length, 100µm width, and approximately 1µm thick (Mikro Masch Co., Sunnyvale, CA). Chromium, gold, and
silver metals deposited on the MCs were obtained from
Kurt J. Lesker, Gatewest, and Alfa Aesar Co., respectively, at 99.9% purity. 2-aminoethanethiolhydrochloride
(AET), glutaraldehyde (GA), the salts employed for the
preparation of buffer solutions, and all other reagents
were purchased from Sigma-Aldrich Chemical Co.(St.
Louis, MO) or Fisher Scientific at highest available purity and used as received. The test ligands rifampicin,
pregnenolone-16-carbonitrile (PCN), 3-methyl-cholanthrene (3-MC), phthalic acid, nonylphenol and bisphenol A
were also obtained from Sigma-Aldrich. Glutathiones-transferase (GST)-tagged human PXR, alexa fluor 633
anti-IgG, and estrogen receptor  (ER-) were purchased
from Invitrogen (Carlsbad, California). 6-histidine (6HIS)-tagged human PXR was generously provided by
Astra Zeneca. Ovalbumin and FITC-anti-IgG was purchased from Sigma-Aldrich. Water used to prepare solutions was obtained from a Branstead E-pure water filtration system.

2.2. Cantilever Modification
The process of preparing and creating nanostructured
surfaces on MCs is described in detail elsewhere [32].
The MCs were placed into a physical vapor
deposition chamber (Cooke Vacuum Products, Model
CVE 301, South Norwalk, CT) to be coated on one side
with the appropriate metallic films using thermal
deposition. To create a nanostructured MC, a thin film
(~ 5 nm) of chromium was applied to the surface to act
as an adhesion layer followed by a thin film of gold
(~15 nm). Next, a film consisting of gold and silver was
co-depo-sited. Subsequently, the silver was chemically
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removed via oxidation from the film (“dealloying”)
using an aqueous solution of 5 mg/mL HAuCl4 leaving
a gold surface with nanosized, colloid-like features.
The thick-ness of the dealloyed gold layer was ~100 or
~150 nm in these studies.
Nanostructured MCs were chemically modified for
protein immobilization by the process detailed elsewhere
[17]. MCs were immersed in 1 mM aqueous solution of
AET for one hour producing a self-assembled monolayer
on the cantilever surface. Following thorough rinsing in
deionized water, the amino groups were derivatized with
the cross linker by immersing the cantilever in a 1% (w/v)
solution of GA in 10 mM phosphate buffered saline
(PBS), pH 8.0 for three hours [33,34]. Subsequently,
immobilization of both the PXR LBD nuclear receptor
and the ovalbumin was achieved in random orientation
by dipping the functionalized cantilevers into 100 mg/L
solutions of protein in 10 mM PBS, pH 7.0 for four hours
at 4℃. Although we used an array of MCs, in this study
we chemically treated all the cantilevers the same where
both PXR and ovalbumin were separately immobilized
on the functionalized surfaces of different cantilevers
from separate arrays and a single randomly chosen MC
within an array response was recorded. For the two protein array, the immobilization of both the PXR and the
ER- was achieved in random orientation utilizing a capillary coating method described in detail elsewhere [35].
Each capillary contained 100 mg/L solution of receptor
in 10 mM PBS, pH 7.0, which was placed over each lever for 1 hour at room temperature.

2.3. Instrumentation
The MC deflection measurements were carried out using
the optical beam-deflection technique described elsewhere [16,17]. The apparatus similar to that depicted in
Figure 1 included a 5 mW 632 nm diode laser (Coherent
Laser Corp., Auburn, CA), a spatial filtering and focusing system, and an in-house built position sensitive optical detector. The output of the detector was displayed
and recorded using a SRS 850 DSP lock-in amplifier as a
multichannel digital recorder (Stanford Research Systems, Sunnyvale, CA). The signal output is recorded as
volts (approximately 1 nm zmax per mV output). Data was
collected at 1 Hz and then a moving averaging algorithm
covering 180 data points was used to generate the figures
presented herein. This smoothing did not alter the shape
of the true response curves [19].
The cantilever system was mounted inside a ~5µL volume flow cell built in house previously described elsewhere [16]. A Watec CCD camera (Edmund Indust- rial
Optics, Barrington, NJ) was used to image the MC chip
in the flow cell and facilitate in aligning the focused laser
Copyright © 2011 SciRes.

Figure 1. Schematic of laser array setup with a single PSD.
Chip array within flow cell is shown. The lower left shows
bending of a single MC due to adsorption-induced differential stress. Note that deformation of the MC is characterized
by the radius of curvature, R, and tip deflection, z, according to Equation (1).

beam to reflect off the cantilever tip. Analyte solutions
were delivered to the flow cell via a system of vessels
connected to three-way valves allowing for switching
between different solutions. The gravity-driven flow was
generally adjusted to 100 L/minute by adjusting vessel
height.
Many of the pharmaceuticals and EDCs are sparingly
soluble in water. Thus, 10 mM stock solutions of all
EDCs and some pharmaceuticals were prepared in pure
methanol and then diluted with 10 mM PBS, pH 7.0 to
make the desired concentration of each analyte [Caution:
because of their potential harmful effects, care must be
taken in the handling and disposing of EDC and
pharmaceutical solutions]. PCN pharmaceutical stock
solution was prepared in acetone then diluted with PBS.
PBS was also used as a background solution. MCs
mounted in the flow cell were initially allowed to
equilibrate in PBS until the signal was stable. For our
purposes, tensile and compressive responses involve
contraction and expansion of the active MC surface,
respectively.
MC deflection measurements of single protein functionalized chips using a single diode laser or multiple
protein arrays can be monitored using an array of vertical
cavity surface emitting lasers (VCSELs) which are focused onto the tip of each MC (Figure 1). The reflected
beam is captured and monitored by a single position sensitive detector as depicted in the figure. Although in the
work reported herein employed a single laser setup, we
often use a VCSEL setup [36-38].

3. Results and Discussion
Our studies focus on developing MC systems utilizing
the nuclear receptor PXR as the immobilized bioreceptor
JBNB
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phase. We demonstrate that our immobilization process
does not appreciably denature the PXR. The magnitude
based response order for PXR activators is maintained
when compared to well-established assays. With these
PXR active analytes, PXR selectivity is demonstrated
when compared to a similarly sized immobilized protein.
The assay magnitude based response order is maintained
when PXR is exposed to EDCs. Reproducibility and sensitivity is illustrated using a potent PXR activator, rifampicin. A two protein array is developed to compare PXR
and ER- interaction with rifampicin.
Sensitivity enhancement in biosensing is key due to
the small concentrations of ligands that can activate nuclear receptors. By nanostructuring the active MC surface, we are able to substantially improve the sensitivity,
which has in many cases surpassed the increase in surface area [18,32,39]. The initial “dealloying” of the MC
surface provides a greater surface area for nuclear receptor immobilization, which leads to an enhancement in
sensitivity. Our developing PXR MC biosensor, in support of fundamental nuclear receptor studies, may prove
to be a quick, less expensive method for EDC screening
and possible drug-drug interaction predictions.

3.1. Detection of Known PXR Activators and
EDCs Using PXR Modified MCs
Figure 2 compares the responses of a PXR functionalized MC when exposed to three analytes in PBS. This
figure illustrates that 1.0 M rifampicin is the most potent PXR activator in this group. Our experiments in the
detection of rifampicin using the nuclear receptor, PXR,
showed good measurement reproducibility in the same
day tested via three replicate consecutive injections of
1.0 M solution (see Figure 2 inset). Coefficients of
variation (CVs) for intra-day measurements using a given
system of MC and molecular-recognition phase are generally 10% or better [16,18-20,23]. Although for MCs
that are nanostructured and biofunctionalized on different
days the CVs can be considerably larger therefore calibration is necessary for each individual system. The relatively slow response kinetics is comparable to prior biosensor MC experiments [16,20,23]. This provides evidence that the ligands interact with the LBD causing relatively slow conformational changes in the immobilized
PXR, which translates into a large apparent surface stress
on the cantilever. The high binding affinity of human
PXR for rifampicin followed by PCN has been observed
by other researchers [7,9,15,28,40,41]. Although, 3-MC
is predicted to have a low binding energy to the LBD of
human PXR [42], it has been shown to be activated by
members of the cytochrome P450 family of enzymes,
which include activating CYP1A1/2 enzymes [42-45].
Copyright © 2010 SciRes.
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Figure 2. Comparison of nanomechanical responses of PXR
functionalized MC on exposure to 1.0 M of rifampicin,
PCN, and 3-MC in PBS. Inset shows data for triplicate sequential injections of 1.0 M rifampicin with a CV of 6.32.

The magnitude response order of rifampicin > PCN >
3-MC is what we predicted from the literature. In our
previous studies, reversible responses like those seen in
Figure 2 are also observed for other bioreceptor functionalized dealloyed surfaces [20,23].
Figure 3 compares the response of specific protein
(PXR) functionalized MC to nonspecific protein (ovalbumin) functionalized MC (blank) on exposure to the
same concentration (1.0 M) of rifampicin in 10 mM
PBS, pH 7.0. A large compressive response was observed due to the binding of rifampicin with a MC modified with PXR receptor whereas no response was observed when the same analyte was exposed to the nonbinding protein (ovalbumin) immobilized MC. It is important to note that our system does not show a nonspecific blank response. This indicates that the surface immobilization procedure does not significantly alter the
PXR’s LBD function and that the observed responses
represent specific interactions. However, it can not be
assumed that the surface immobilized receptors will retain the same ligand binding affinity as observed in free
form. Figure 3 further compares the specific and nonspecific responses to 1.0 M rifampicin, PCN, and 3-MC
to immobilized PXR and ovalbumin (blank).
EDC exposure can be adverse even at very small concentrations [46]. EDCs can alter or inhibit the function of
the endocrine system by binding to estrogen receptors,
which are part of the nuclear receptor superfamily [4749]. Studies have shown that the nuclear receptor PXR
binds to certain EDCs with different affinities [50,51].
Figure 4 shows the nanomechanical response magnitude
of PXR functionalized MCs on exposure to 1.0 M
EDCs, phthalic acid, nonylphenol, and bisphenol A (in
10 mM PBS, pH 7.0). The response magnitude order of
JBNB
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rifampicin caused a large compressive response when
compared to the EDCs (see inset).

3.2. Calibration and Sequential Exposure Studies

Figure 3. Table compares the nanomechanical responses of
PXR and ovalbumin functionalized MCs exposed to 1.0 M
rifampicin, PCN, and 3-MC in PBS. Representative traces
of ovalbumin and PXR functionalized MCs on exposure to
1.0 M rifampicin are shown.

PXR with these three EDCs is similar to prior work with
phthalic acid > nonylphenol and with relatively no response or a very low response to bisphenol A [50]. After
MC exposure to EDCs, we injected 1.0 M rifampicin, a
potent PXR activator, for comparison. As predicted, the

Figure 4. Comparison of response magnitudes in 8.5 minutes of PXR functionalized MC on exposure to 1.0 M analytes in PBS, which include three EDCs. The inset shows
representative responses of PXR functionalized MC exposed to 1.0 M nonylphenol and rifampicin.
Copyright © 2011 SciRes.

In Figure 5 the kinetic response of the PXR functionalized cantilever at 7 minutes of exposure is plotted against
different concentrations of rifampicin in the range of 0.1
nM to 1 M where the response increases with increasing concentration. The response magnitude does not increase as significantly as predicted with increasing concentration at relatively high concentrations. This may be
due in part to the structural flexibility of the LBD. The
expansion of the LBD size to accommodate for rifampicin’s large size could have an effect on the interaction’s
translation to MC surface stress. Rifampicin is one of the
largest known ligands for PXR at 823 Da [14]. As illustrated in the figure, the response increased predictably,
but reached a saturation plateau by 100 nM. The inset in
Figure 5 shows a linear dynamic range for two orders of
magnitude (the first data point corresponds to the lowest
concentration in Figure 5 of 0.1 nM) in concentration.
The renaturing of the protein after ligand exposure
may influence receptor calibration experiments, thus sequential ligand exposure was studied. Immobilized LBD
PXR was exposed to sequential injections of 1.0 M rifampicin in 10 mM PBS, pH 7.0 with varying exposure
and recovery time. The injection times and recovery
times were approximately the same. As injection time
increased the response maximum increased as well,
which is likely a result of increased exposure time. This
longer interaction time may provide larger kinetic responses, which is the nanomechanical measured parameter. All injection volumes and times were considerably
less than saturation and were reversible, although baseline was not always reached with shorter recovery times.
Exposure and recovery times of LBD PXR were also

Figure 5. Responses to rifampicin at 6.7 minutes for PXR
are plotted over a concentration range from 0.1 nM to 1.0
M, respectively.
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studied with two sequential three minute rifampicin injections then a 60 minute recovery time (background
flow) then two more consecutive injections (three minutes and nine minutes). The first two injections had similar response maximums, 35.8 mV versus 33.4 mV, although between injections baseline was not reached during the short recovery window. After a 60 minute recovery time or background flow, the three minute response
to rifampicin increased to 58.3 mV. This was subsequently followed by a nine minute rifampicin injection
where the response maximum almost doubled. This study
may indicate that recovery time, exposure time, and analyte volume play a role in kinetic response maximums for
the LBD PXR- rifampicin system.

3.3. Effect of Different Molecular Tags on
Measuring Surface Stress
In our current functionalization procedure, the protein is
immobilized on the MC surface with GA without appreciable denaturing [52]. This is accomplished by the aldehyde groups in the GA binding to the lysine residues in
the receptor [53]. This makes the number and location of
the lysine residues that make up the protein or receptor
important to our random immobilization process. The
tags on the LBD PXR allows for the purification of the
receptor. The amino acids present in the tag and their
location could be beneficial or detrimental to the nanomechanical responses of PXR functionalized MCs.
GST-tagged human LBD PXR from Invitrogen has a
calculated molecular mass of approximately 65 kDa.
Human LBD PXR receptor is approximately 37 kDa,
which leads to the calculated molecular mass for the
GST-tag to be approximately 27 kDa. The GST-tag and
the LBD PXR have similar molecular masses in this case.
The 6-HIS-tag on the Astra Zeneca LBD PXR is approximately 2524 Da and contains no lysine residues.
Conversely, the GST-tag contains an estimated 21 lysine
residues, depending on which version of the GST was
used in the preparation. Thus, the 6-HIS-tagged LBD
PXR was not bound to the surface by the tag, but by the
nuclear receptor itself, where as the much larger GST-tag
could have been the surface bound component.
Figure 6 compares the responses of 6-HIS-tagged
LBD PXR and GST-tagged LBD PXR upon exposure to
1.0 M rifampicin in 10 mM PBS, pH 7.0. The
6-HIS-tagged LBD PXR gives a large compressive response whereas the GST-tagged LBD PXR shows no
response. This indicates that the GST-tag may preferentially bind to the surface leaving the PXR too far from
the surface to produce nanomechanical surface stress. In
prior work, random versus orientated antibody immobilization methods were studied, which demonstrated that
Copyright © 2010 SciRes.
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Figure 6. Comparison of 6-HIS-tagged PXR LBD and GSTtagged PXR LBD on exposure to 1.0 M rifampicin in PBS.
Inset shows a schematic depiction of 6-HIS tagged PXR and
GST tagged PXR immobilized on DA MC surface, which
highlights the spatial arrangement between the DA and the
PXR LBD depending on the tag.

orientated functionalization did not provide higher responses as expected. Orientated anti-IgG and IgG immobilization was accomplished by using protein A as an
orientation linker. This linker may have caused the antibody-antigen interaction not to be as readily translated
into MC surface stress as the randomly orientated antibody [17]. As with the GST-tagged PXR case this may
not allow the conformational change upon ligand binding
to translate efficiently to measureable surface stress. The
very small, lysine deficient 6-HIS-tag requires the receptor to be surface bound and could easily transfer conformational change to the MC surface although only some
ligand binding sites may be accessible. This is illustrated
through a schematic in Figure 6. Although in some instances the immobilized orientation of LBD PXR may
block the ligand binding pocket thereby hindering ligand
binding.

3.4. LBD PXR and ER- Array Study
A single MC array functionalized with multiple biomolecular recognition phases will mimic a living system
and it’s interaction with contaminates and/or pharmaceuticals. EDCs or pharmaceuticals can stimulate changes in
multiple receptor proteins. Therefore, having a MC array
platform functionalized with a multiple receptor protein
system (Figure 7) can provide information on total biological systems. MC arrays functionalized with different
receptor proteins can simultaneously probe these living
systems, which make them highly desirable analytical
tools. LBD PXR and ER- were differentially immobilized onto separate levers of one MC chip creating an
array. Figure 7(a) shows a fluorescent microscope image
of immobilized fluorescently labeled antibodies on sepaJBNB
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rate levers prepared in the same manner as the LBD PXR
and ER- array. The receptor functionalized levers were
exposed to 1.0 M rifampicin and the bending response
was recorded. First, the LBD PXR functionalized lever
was monitored with a five minute rifampicin injection,
subsequently the ER- immobilized lever was monitored
in the same manner.
Figure 7(b) shows the response profiles of the LBD
PXR and the ER- when exposed to rifampicin in 10
mM PBS, pH 7.0. ER- demonstrating a larger response
than LBD PXR may be due to the structure of the receptors that are present. Immobilized ER- contains both the

DNA binding domain and the LBD, whereas the immbilized PXR only contains the LBD and the small 6-HIStag.
In previous studies with ER proteins, immobilization at
the DNA binding sites which change configuration in
response to conformational LBD changes may have been
a factor in producing large surface stress responses [16].
In this case the ER- interacts to some degree with rifampicin causing configuration change of the LBD,
which may be translated into a conformational change in
the DNA binding domain. This conformational change is
transferred to surface stress on the MC. Another possibility for smaller PXR responses may be that it does not
have time to fully unfold to accommodate for the large
size of rifampicin, so the interaction between the receptor
and analyte is limited, which hinders the response magnitude. In any event a synergistic system of receptors is
demonstrated on a single MC array and there is evidence
of endocrine disrupting behavior of rifampicin.

4. Conclusions

(a)

In summary, a sensitive, selective biosensor for the study
of PXR activating chemicals has been developed using
nanostructured MCs. Our results indicate that the interaction of LBD PXR with different ligands produced different cantilever responses showing the maximum response for the antibiotic rifampicin. PXR functionalized
MCs showed responses to rifampicin in concentrations
down to 0.1 nM. Dissimilarity in tag size and residue
makeup also indicates differences in receptor-ligand
binding translation into MC surface stress. The nuclear
receptor array provides information about the interaction
of rifampicin with both human PXR and ER-.
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