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Abstract

Currently, there is need for laboratory based high-throughput and reliable point-of-care drug
screening methodologies. We demonstrate here a chip-based label-free porous silicon (PSi) photonic
sensor for detecting opiates in urine. This technique provides a cost-effective alternative to
conventional labeled drug screening immunoassays with potential for translation to multiplexed
analysis. Important effects of surface chemistry and competitive binding assay protocol on the
sensitivity of opiate detection are revealed. Capability to tune sensitivity and detection range over
~3 orders of magnitude (18.0 nM — 10.8 uM) was achieved by varying the applied urine specimen
volume (100 - 5 pul), which results in systematic shifts in the competitive binding response curve. A
detection range (0.36 — 4.02 uM) of morphine in urine (15 pl) was designed to span the current
positive cut-off value (1.05 uM morphine) in medical opiate urine screening. Desirable high cross-
reactivity to oxycodone, in addition to other common opiates: morphine, morphine-3-glucuronide,
6-acetyl morphine demonstrates an advantage over current commercial screening assays, while low
interference with cocaine metabolite was maintained. This study uniquely displays PSi sensor
technology as an inexpensive, rapid, and reliable drug screening technology. Furthermore, the
versatile surface chemistry developed can be implemented on a range of solid-supported sensors to
conduct competitive inhibition assays.

1. Introduction

Drug testing in the clinical toxicology laboratory has shifted in recent years from mainly
supporting the emergency department to meeting the demands of various clinical services for
managing the medical consequences of drug abuse.! This includes testing of: newborns in
pediatrics, organ transplant candidates, compliance of patients for pain management, and
patients in psychiatry and addiction medicine programs. In addition, forensic testing demands
the highest standards of analysis for drug testing in the workplace, in rehabilitation clinics, and
for law enforcement. Protocols exist to test patient specimens for various drug classes (e.g.
opiates, amphetamines, cocaine, marijuana) above a predetermined cut-off concentration using
screening immunoassays (Table S1). Urine remains to be the preferred drug-screening medium,
although alternate specimens (e.qg. oral fluid, sweat, hair) provide unique advantages in specific
testing situations.1:2 Advantages of urinalysis include non-invasive collection, stability of
specimens, and relatively higher concentration and longer detection period for most drugs of
abuse (DOA) allowing detection and quantitation with relatively inexpensive instrumentation.
As is the case with all immunoassays, the probe antibody dictates specificity. Due to the
similarity of chemical structures within drug classes (e.g. opiates, Table 1) commercially
available antibodies tend to exhibit high cross-reactivity in immunoassays. Hence,
confirmatory chemical analysis (e.g. gas chromatography - mass spectrometry, GC-MS) in a
laboratory setting is required for all specimens that are screened positive. However, it is
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important to note that immunoassays serve a practical means to analyze high quantities of
specimens when the majority will test negative.

Most commercial screening tests utilize a competitive immunoassay in which free target
analyte in a specimen competes with a labeled target analogue for binding to an antibody raised
against the target analyte. The label may be a radioisotope,3 fluorophore,4 or most commonly
an enzyme that produces changes in light absorbance.5+6 Label-free sensor technologies, such
as surface plasmon resonance (SPR), are also currently being investigated for DOA detection.
7 However, the development of high-throughput systems to reduce the operational costs and
long result turn around times associated with existing drug testing procedures continues to pose
a substantial challenge to toxicology laboratories. Recent interest has also focused on
developing reliable point-of-care (POC) drug screening tests for a variety of settings including
emergency departments, drug and/or pain treatment clinics, workplace, and enforcement of
traffic laws.1:2:8:9

We propose that PSi optical sensors can simplify and provide a cost advantage to current
screening detection methodologies due to their simple fabrication process and versatility in
assay protocol with direct label-free detection that minimizes stability concerns associated with
labels or enzymes. To meet high demands of drug testing the PSi biosensing technique has
shown potential for cost-effective high-throughput analysis through the use of on-chip spotted
arraysi9 and random distributions of encoded beads.1! Moreover, the capability for specific
detection in complex biological specimens such as whole blood and serum!? and visual
colorimetric readout!3-15 highlights the potential to use PSi sensors in POC applications.

PSi is fabricated by electrochemical etching of doped crystalline silicon in an electrolyte
solution containing hydrofluoric acid. Changes in the characteristics of the silicon wafer
starting material and etching process parameters (e.g. applied current density and electrolyte
solution constituents) control the resulting porous film morphology and can be tuned to
optimize interactions with biomolecules in sensing applications.® Various PSi photonic
architectures including single and double layered Fabry-Pérot films17:18 and more complex
multilayer Bragg mirrors,19 rugate filters11, and microcavities20-21 have been used as
biochemical sensors. The white light reflectivity spectra of these PSi optical transducers are
used to monitor changes in effective optical thickness (EOT) due to addition or loss of material
from within the pores. EOT is a function of the refractive index (n) and thickness of the material
filling the porous volume.18 Sensitive and specific capture of target molecules within a
heterogeneous solution has been achieved through direct binding to complementary probe
molecules attached to the pore surface area.17:21. The volume-surface area ratio of the PSi
transducer and spatial distribution of biomolecular probes play major roles in PSi affinity-based
immunoassay sensitivity.20:22 Detection of small molecules inherently suffers using the direct
binding assay as their small size produces EOT changes that are difficult to measure with typical
PSi transducers. This leads us towards investigating the use of a competitive binding assay to
indirectly detect small molecular weight molecules with high sensitivity.

Use of competitive binding assays have demonstrated improved detection sensitivity of small
molecules in other refractive index-based sensing techniques such as surface plasmon
resonance biosensors.23 In 2005, Tinsley-Bown et al. demonstrated proof-of-concept detection
of a small molecule 2, 4, 6 trinitrotoluene (TNT, 227 Da) at 10 ug ml-1 (44 uM) in buffer with
a PSi sensor using a competitive binding assay.24 Investigation of how competitive binding
assays can further improve small molecule detection sensitivity in PSi while maintaining high
specificity in complex biological solution is needed to meet clinical application goals and is
the focus of the study reported here.
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We incorporate a competitive inhibition assay into a PSi Bragg mirror transducer and
investigate how surface chemistry, assay protocol, and solution volume effect specificity and
sensitivity of small molecule detection. Opiates are detected in urine to demonstrate PSi as a
feasible screening immunoassay technique over clinically relevant detection ranges spanning
the current positive cut-off value (300 ng mI-1, 1.05 uM) used for opiate medical testing in
urine. In our assay, morphine 3-p-D-glucuronide (M3G, urinary metabolite of morphine/
codeine) is used as an opiate analogue and covalently attached to a BSA-blocked PSi surface.
The test urine specimen is added to the sensor chip directly followed by a fixed amount of
antibody. Target opiate analyte in the test specimen competes with the surface-attached opiate
analogue for binding sites on the antibody. The amount of antibody bound to the immobilized
opiate analogue is therefore proportional to the target opiate analyte concentration in the test
specimen. Increases in EOT due to antibody binding to the opiate analogue covered PSi surface
is monitored as red wavelength shifts in the characteristic reflectance peak of the PSi Bragg
mirror.

Specificity is essential for reliable results as the sensor wavelength shift response reflects
competitive binding of all molecules that express affinity toward the probe antibody and any
non-specific binding of interferent species in the test specimen. Cross-reactivity to four
common opiates that have similar chemical structures was also quantified in our system. Here,
in the case of a blanket-screening assay, similar reactivity for all opiates is desirable.
Interference of the urinary metabolite of cocaine (benzoylecgonine) was also quantified as a
negative control small molecule. This sensing technique is appealing for clinical and POC
applications as PSi sensor fabrication is inexpensive, straightforward optical detection does
not require any secondary label amplification, and fully derivatized sensors do not have
sensitive antibody immobilized to the transducer surface allowing for more robust storage prior
to testing patient specimens.

2. Experimental Section

2.1. Preparation of PSi Sensors

Methods employed to produce PSi Bragg mirrors have been described elsewhere.1 Briefly,
PSi was etched into n+ <100> silicon wafers (Sb doped, 0.01-0.03 Q-cm) in electrolyte
containing Pluronic L31 (0.1%) and hydrofluoric acid (5%). The Bragg mirror architecture
consisted of 16 alternating layers of porosity (78 and 92%) with a total thickness (~2.88 um)
measured by scanning electron microscopy (SEM). The average pore diameters for high and
low porosity layers (106 and 73 nm respectively) measured by SEM have previously been
shown to allow sufficient infiltration of proteins in an immunoassay.22 The wavelength shift
sensitivity (WSS = 231.5 nm RIU"1) was determined by tracking the infiltration of liquids with
known n values. After dry thermal oxidation (900 °C, 3 min) all PSi sensors were amino-
silanized with (3-aminopropyl)triethoxysilane (APTES, 2 wt%) in methanol (50%) for 15 min,
then rinsed with methanol and water, dried with nitrogen gas, and kept at 100°C for 20 min to
cross-link the silane layer and evaporate any remaining solvent.

2.2. Attachment of Opiate Analogue to PSi Surface

Scheme 1 illustrates three different surface chemistries investigated to attach two different
opiate analogues to the PSi sensor surface. The first procedure (Scheme 1a) used carbodiimide
chemistry to covalently attach M3G as an opiate analogue to the amino-silanized PSi surface.
M3G solid compound was received as a generous gift from the National Institute on Drug
Abuse (Maryland, USA). Briefly, the 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimidehydrochloride (EDC) coupling reagent forms a stable amide bond between
the carboxyl group present in the glucuronide side chain on the M3G (Table 1) and an amine
group on the PSi surface. M3G (8.67 mM), EDC (0.2 M) and N-hydroxysuccinimide (NHS,
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0.05 M) were diluted in phosphate buffered saline buffer (PBS pH 5.4) and mixed for 15 min
to activate the M3G carboxyl group. The M3G/EDC/NHS solution (15 ul) was then added to
the amino-silanized PSi chip in a humidified enclosure. After (1 hr) incubation at RT the PSi
sensors were rinsed three times with PBS (pH 7.4). The remaining surface of the M3G-
functionalized sensors was then blocked with bovine serum albumin (BSA, 1 wt% in PBS, pH
7.4). The sensors were then rinsed three times with PBS (pH 7.4) and once with 1 wt% trehalose
sugar in PBS and dried with nitrogen gas. The trehalose buffer was added prior to drying,
because it has been previously shown to maintain stability of proteins after rehydration.2%:26

For Schemes 1 b and 1 c, the amino-silanized PSi sensors were treated with glutaraldehyde
(2% in water, 30 min at RT) in a humidified chamber and subsequently rinsed with water and
dried in nitrogen gas to form an aldehyde-terminated surface layer. In the second procedure
(Scheme 1b), the aldehyde-functional PSi surface was exposed to BSA (1 wt% in phosphate
buffered saline buffer, PBS, pH 7.4). Imine bonds form between the aldehyde surface groups
and amines on the BSA (45 min at RT). Carbodiimide chemistry was subsequently used to
covalently attach M3G as an opiate analogue to the BSA-blocked PSi surface using the same
protocol discussed for Scheme 1a. Briefly, the EDC coupling reagent forms a stable amide
bond between the carboxyl group present in the glucuronide side chains on M3G molecules
(Table 1) and amine groups present on a surface-bound BSA molecule. After EDC coupling
was completed and chips were rinsed three times with PBS (pH 8.5) ethanolamine (15 ul, 1M
in PBS, pH 8.5) was added (30 min, RT) to deactivate any activated carboxylic acid groups
present on the surface-bound BSA. The M3G-functionalized sensors were then rinsed three
times with PBS (pH 7.4) and once with 1 wt% trehalose in PBS and dried with nitrogen gas.
A dilution series study (0.02 — 8.67 mM M3G) showed that subsequent binding of anti-
morphine antibody (a-M Ab) increased with increased concentration of M3G applied to the
sensor, achieving near saturation at the M3G solubility limit (Fig. S1). Therefore, the aqueous
solubility limit of M3G (8.67 mM) was used for assay development to facilitate maximum a-
M Ab binding signal.

Finally in Scheme 1c a commercial morphine-BSA conjugate (M-BSA, MyBiosource, San
Diego, USA) was attached to the aldehyde-functional PSi sensor via reaction with amines on
the M-BSA. The sensors were rinsed three times with PBS (pH 7.4). After coupling the sensor
was blocked with BSA (1 wt% in PBS, pH 7.4), rinsed three times with PBS (pH 7.4) and once
with 1 wt% trehalose sugar (Scheme 1 c¢). The commercial M-BSA is specified to contain a
123:1 molar ratio of carboxymethyl morphine precursor to BSA. Unfortunately, it is difficult
to quantify the number of M3G that bind to the BSA-blocked PSi sensor in Scheme 1 b as
M3G (MW 461.46 g mol-1) is a small molecule and the sensitivity of the PSi transducer is
insufficient to detect its direct binding. Nonetheless, the presence of active EDC-coupled M3G
is validated by the systematic increase in subsequent a-M Ab binding with proportional
increases in applied M3G concentration (Fig. S1). Dose response studies show that a chosen
concentration of M-BSA (0.07 mg mlI-1) also attained near saturation of subsequent o-M Ab
binding and produced a similar sensor response level as was measured for the M3G surface
attachment chemistry (Fig. 1a).

2.3. Opiate PSi Immunosensor Assay Protocol

Sensor performance and opiate detection was investigated employing four protocols as
depicted in Scheme 2. Protocol Il is the main competitive inhibition assay used to investigate
sensor performance in these studies. Here, drug-free urine was collected from healthy
volunteers. Various concentrations of opiates (~3.5 nM — 300 uM) were spiked into the drug-
free urine samples and added to the analogue-functional PSi sensors prepared above. The
volume of the spiked urine specimens added to the sensors was varied in different experiments
(5 - 200 pl). Immediately after (< 60 s) a fixed aliquot (15 pul) of monoclonal mouse anti-
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morphine 1gG4 (a-M Ab, 1.83 uM, MyBiosource, MBS318578, San Diego, USA) diluted in
0.05 wt% Tween 20 in PBS (PBS-T, pH 7.4) was added and mixed thoroughly with a pipette.
This monoclonal mouse antibody, raised against a morphine-bovine thyroglobulin conjugate,
was chosen based on its broad reactivity to various opiates as desired for a screening assay.
After reaction in a humidity chamber (1 hr at RT) sensors were rinsed three times with PBS-
T and soaked for 5 min in PBS-T before drying with nitrogen gas and optical readout.

To compare detection sensitivity using protocols I-1V a fixed concentration of morphine was
spiked into the drug-free urine samples (15ul, 1.05 uM) and a fixed concentration of a-M Ab
(15 pl of 1.83 pM) was diluted in PBS-T (pH 7.4). For protocol | (Scheme 2a), only a-M Ab
was added to the analogue-functional PSi sensors prepared above. After reaction in a humidity
chamber (1 hr at RT) the sensors were rinsed three times with PBS-T and soaked 5 min in PBS-
T before drying with nitrogen gas and optical readout. Procedures for protocol 11 (Scheme 2b)
are described above. Protocol 111 (Scheme 2c) involved prior equilibration of the morphine
spiked urine and a-M Ab solution (1 hr. at RT) in an eppendorf tube prior to sensor application.
The equilibrated solution was then added to the analogue-functional PSi sensors prepared
above and incubated in a humidity chamber (1 hr at RT). The sensors were subsequently washed
as described for protocol I, dried with nitrogen gas, and optically evaluated.

A competitive dissociation assay was developed in protocol 1V (Scheme 2d) where the o-M
Ab solution was first applied to the analogue-functional PSi sensors prepared above and
incubated in a humidity chamber under static conditions (1 hr at RT). Sensors were rinsed three
times with PBS-T and kept wet while the morphine spiked urine specimen was added to the
sensor in a humidity chamber (1 hr at RT). The sensors were subsequently washed as described
for protocol I, dried with nitrogen gas, and optically evaluated.

2.4. Optical Detection of PSi Sensor Reflectance Spectra

The PSi sensors were held within a custom fixture and exposed to a normal incident beam of
white light (spot size ~1.3 mm2). Reflectance spectra normal to the surface were measured
using an Advantes 3648-USB2 spectrophotometer (optical resolution of 0.06 nm pixel™). All
measurements were taken on dry samples following exposure and wash procedures as
described above. Error bars in plots represent the interday standard deviation of each data point
taken with a minimum of n=2 for inter-day experiment trials and 3 measurement locations per
sensor (intra-assay n=3). Nonlinear least squares curve fitting was performed with Origin 7.0.

2.5. Stability of PSi Sensors in Urine Specimens

The pH of all urine specimens tested in this study were measured to be within the normal
physiologic range (4.5 — 8.0).[2] Each day new negative control urine specimens were attained
and stored in 4° C until use; therefore standard deviations shown in all plots also include
variation in urine pH over multiple days. Stability control studies of BSA-blocked PSi sensors
showed negligible drift in signal while soaked in urine for a 4 hr period (data not shown). This
is consistent with literature in that thermally oxidized macroporous Si (especially with further
surface chemistry such as silane) is stable under these conditions.2”

2.6. Opiate Competitive Binding Assay in Enzyme-Linked Immunoassay (ELISA)

To compare the PSi sensor response to a gold standard technique we conducted a competitive
inhibition ELISA using similar M3G opiate analogue surface chemistry (Scheme 1b) and assay
protocol Il (Scheme 2b). A 96 well microplate was blocked with 1 wt% BSA at RT (30 min).
EDC coupling chemistry was utilized to attach M3G opiate analogue to the BSA-blocked well
surface as described for the PSi sensor. Briefly, M3G (0.06 mM), EDC (0.2 M) and NHS (0.05
M) were mixed in PBS (pH 5.4) for 15 min to activate carboxyl groups in the M3G and the

solution (50 pl) was added to each well in the BSA blocked plate. After 2 hr incubation at RT,
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to allow covalent attachment of M3G to the surface bound BSA, the plate was washed twice
with PBS-T (pH 7.4) and once with PBS (pH 8.5). Ethanolamine (50 ml, 1M) was added to
deactivate any EDC activated carboxylic acid groups present in the surface-bound BSA
molecules. Opiates were spiked into drug free urine specimens in a dilution series (0.002 — 35
uM, 50 pul) and added to the M3G-derivitized plate. A urine specimen with no M3G (50 pul PBS
only) was used as a negative control. A fixed concentration of mouse a-M Ab (0.13 pM) was
immediately mixed with the test urine specimens in each well and incubated at RT for 1 hour.
The plate was washed 3 times with KPL wash solution (part # 50-63-00, 0.002 M imidazole,
0.02% Tween 20, 0.5 mM EDTA, 160 mM NaCl) before a secondary antibody (goat anti-
mouse 1gG conjugated with alkaline phosphatase) was applied (100 pl of 1 ug mi-1). After
washing three times and soaking for 5 min in KPL wash solution, alkaline phosphatase substrate
(100 pl Blue Phos, KPL) was added. Absorbance intensity at 492 nm wavelength was detected
after 30 min with a microplate reader (Fininstruments) to determine the amount of bound mouse
a-M Ab as a function of opiate concentration. Experiments were repeated twice on two separate
days and dilutions were run in duplicate. Error bars present in ELISA graphed results indicate
standard deviation of these measurements.

3. Results and Discussion

3.1. Investigation of Target Analogue Surface Attachment Chemistry

The sensitivity and specificity of the PSi immunosensor was evaluated for sensors
functionalized using three different chemistries to attach two different surface-bound opiate
analogues: M3G and commercially available M-BSA conjugate (Scheme 1) according to
procedures described above. The wavelength shift response of the PSi sensor was employed
to monitor direct binding of complementary a-M Ab (Fig. 1a) and non-specific binding of
Rabbit IgG (Fig. 1b) to each opiate analogue-functional surface. In Figure 1a, a fixed
concentration of a a-M Ab (1.83 uM) resulted in similar wavelength shifts for commercial M-
BSA reagent (Scheme 1 c) and when M3G analogue was attached to surface-bound BSA
(Scheme 1 b). In comparison less a-M Ab was observed to bind to the M3G analogue when it
was attached to the aminosilanized PSi surface (Scheme 1a). This suggests that more M3G
binding sites may be available on the surface-bound BSA molecules (via carbodiimide coupling
to the various surface amine groups) than are present on the aminosilanized PSi surface.
However, due to the large internal surface area of PSi allowing for numerous surface M3G
attachment sites, a more plausible cause is that after M3G surface attachment the subsequent
BSA blocking step (MW=68,000 g mol-1) induces steric hindrance of the a-M Ab (MW =
150,000 g mol1) interacting with the small surface-bound opiate analogue (M3G, MW =
461.462 g mol ). Evidence that BSA is bound to the PSi surface during the BSA blocking step
is provided by a wavelength shift (3.63 £ 0.13 nm). As expected, this value is significantly
lower than the wavelength shift (11.40 + 0.55 nm) measured for BSA directly binding to an
aminosilanized surface with no surface-attached M3G analogue.

In Figure 1b the developed M3G/BSA surface chemistry illustrated less non-specific binding
of an unrelated protein (Rabbit IgG, 6.67 uM) suggesting an advantage over the commercial
M-BSA product. Some spurious background signal remains with use of the M-BSA surface
analogue chemistry in comparison to the negligible wavelength shift observed for M3G/BSA
chemistry (Fig. 1b). These results suggest that using carbodiimide coupling chemistry to
covalently attach the M3G opiate analogue (Scheme 1b) to the BSA-blocked PSi sensor is the
preferred choice. This linking chemistry is also versatile and can be used for site-oriented
surface attachment of various target analogue molecules that contain a carboxyl group as
described in detail in the Experimental Section.

The competitive inhibition assay response to increasing concentrations of morphine spiked
into drug free urine (0.01 — 10 pg mi-1) from healthy volunteers was compared for M3G/BSA
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analogue surface chemistry (Scheme 1b) and for the commercial M-BSA reagent (Scheme 1c)
and results show analogous trends (Fig. 1c). No obvious effect from urine pH is evident for
the morphine-dose response curve compared to results attained in PBS (Fig. S2). Drug-free
urine specimens with variable pH were used as negative controls. In Figure 1c an initial
maximum wavelength shift plateau is observed, as a-M Ab binding to the PSi surface-bound
opiate analogue is unaffected in the presence of morphine at low concentration (< 0.1 uM). As
increasing concentrations of morphine are added to the system, the a-M Ab binding to the
surface-bound analogue becomes inhibited and a corresponding decrease in wavelength shift
magnitude is observed until no detectable a-M Ab binds to the PSi surface-bound analogue
(second minimum plateau). Response curves for each of the target analogue attachment
chemistries show comparable detection ranges (~0.3—3.0 uM, ~0.1-0.9 ug mI-1) with similar
slopes (Fig. 1c). This indicates similar assay sensitivity over a clinically relevant range
including the positive cut-off value for opiates in a urine screening immunoassay (0.3 ug
mlI-1). Comparable specificity is observed as no spurious background signal is observed at high
concentrations of morphine in urine and the sensor signal returns to a zero baseline for both
M-BSA and M3G/BSA surface chemistries (Fig. 1c). However, in anticipation of more large-
scale screening the possibility for unhealthy patients including those with renal disease to
secrete higher protein concentrations in urine?8 drove us to choose M3G/BSA analogue
attachment chemistry (Scheme 1b) as the more robust choice as it showed less non-specific
binding of protein in Fig. 1b. The remaining results in this paper were achieved utilizing this
M3G/BSA analogue attachment chemistry (Scheme 1b) and more extensive analysis of assay
sensitivity and response curve fitting will be given.

3.2. Comparison of Protocols for Competitive Assay

In traditional solution-phase competitive binding assays the binding of a competitor molecule
(e.g. target analog) to a receptor (e.g. Ab) is sensitive to the rate parameters of the ligand
molecule (e.g. target) as well as the timing and order of addition of the competitor and ligand
molecules.?? To achieve optimum PSi sensor performance we investigated variations in the
assay protocol as illustrated in Scheme 2. In all cases the binding of a fixed aliquot of a-M Ab
(15 pl, 1.83 uM) to the surface-attached M3G/BSA opiate analogue was measured as a red
wavelength shift and the magnitude was compared for each assay protocol (Fig. 2). Protocol |
yields the maximum wavelength shift that can be attained, for direct binding of the a-M Ab
with no competition of added target opiates (Scheme 2a). Competitive binding assay protocols
I1, 11, and 1V all illustrate smaller wavelength shift values as competition with the morphine
spiked into the urine specimen (1.05 uM) reduces o-M Ab binding to the M3G opiate analogue
attached to the PSi surface (Fig. 2).

The competitive inhibition assay used in protocol 1l (Scheme 2b, urine specimen and a-M Ab
are added to PSi sensor together) is anticipated to be sensitive to the concentration of free
opiates in the urine and the on-rate with the a-M Ab.2 In Protocol 111 we allow for a 1 hr pre-
incubation of the morphine spiked urine specimen with the a-M Ab before addition to the
sensor (Scheme 2c). If the on-rate is high (low Kd), as is expected for antibody binding, then
we anticipate measuring similar results for both protocols Il and I11. Optical measurements in
fact do show similar wavelength shifts for competitive assay protocols Il and 111 after the 1 hr
time test interval (Fig. 2). In protocol IV (Scheme 2d) a-M Ab was bound to the sensor prior
to addition of the morphine spiked urine specimen. Although a reduction in wavelength shift
relative to the direct binding (no competition Protocol 1) was observed, a larger wavelength
shift magnitude resulted compared to competitive binding assay protocols Il and 111 (Fig. 2).
This suggests that the a-M Ab has greater affinity (lower Kd) for the surface-bound M3G opiate
analogue, as is also suggested by the cross-reactivity studies discussed below (Section 3.3).
However, performing the assay in a nanostructured PSi template adds additional complexity
(surface immobilization in a confined porous volume) to the competitive binding kinetics (refer
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to discussion of Figure 5 in section 3.4). Due to the additional equilibration times (+1 hr)
implemented in protocols 111 and IV and the diminished response of protocol 1V, the
competitive inhibition assay format in protocol 11 was chosen for the remaining studies.

3.3. Study of Sensor Specificity: Assay Relative Reactivity to Common Drugs in Urine

The developed PSi competitive inhibition assay response to varying concentrations of common
opiates including morphine, M3G (the urinary metabolite of morphine/codeine), 6-acetyl
morphine (6-AM, heroine metabolite), and oxycodone spiked into 15 pl volume urine
specimens was analyzed (Fig. 3a). Wavelength shift response was normalized to the maximum
shift attained with antibody binding to the surface-attached opiate analogue in drug-free urine
(5.55 £ 0.33 nm, n=7). Qualitatively the response curve for each opiate is similar in sensitivity
and dynamic range. Quantitative fit parameters of these curves can be compared in Table S2.
The cross-reactivity for each opiate was quantified at the positive opiate cut-off value for
opiates in urine (0.3 ug ml'Y) by calculating the relative assay response to each opiate in
reference to the response attained for morphine (100%). Cross-reactivity values of 135% for
M3G, 116% for oxycodone, and 124% for 6-AM indicate that the assay is slightly more
sensitive to each of these opiates than to morphine under the specific test conditions. Negative
control experiments showed minimal cross-reactivity of the sensor to cocaine metabolite (BE)
spiked into urine (< 3%). ldeally a screening assay would show similar cross-reactivity values
for all opiates; however in practice cross-reactivity profiles vary over a wide range depending
upon the immunoassay techniques and in particular the choice of probe antibody. Therefore,
knowledge of the sensor reactivity to different drugs within a class must be determined before
designing the positive cutoff value for a particular immunoassay screening test.2: 57+ 9 Here,
the observed high reactivity towards oxycodone displays an advantage over the majority of
currently available commercial opiate immunoassays which often show low cross-reactivity
with oxycodone and its metabolites.!

For qualitative comparison of specificity, the results of the PSi opiate competitive inhibition
assay were compared to ELISA as described in the Experimental section (Fig. 3 a and 3 b).
We observe that that the effective concentration where 50% of signal response is attained
(EC50) in ELISA is ~10x lower than the PSi sensor and a slightly lower sensitivity (steepness
of slope) results in a moderately larger dynamic range. Refer to supplementary data (Table S3)
for quantitative logistic fit parameters. It is of interest to point out that for ELISA at high
morphine concentrations a spurious background signal remains (~12%) as the response curve
does not return to zero and larger standard deviations (error bars) in measurement are observed.
This is likely due to amplification of the non-specific binding along with the specific binding
signal as ELISA is an enzyme-amplified technique. It may be possible that with proper
optimization of blocking chemistry this spurious background signal could be diminished in
ELISA30, however this was not the focus of the present work. Qualitative comparison of assay
specificity revealed good agreement between the ELISA and the PSi sensor techniques thus
validating the direct optical detection performance of the PSi transducer. Also the high
reactivity observed for all four opiates tested in both the PSi sensor and ELISA suggests, as
expected, that the probe antibody and analogue surface attachment chemistry dictate the
specificity of the immunoassay. Use of a PSi sensor displays distinct advantages over the
standard ELISA including less complicated label-free detection, reduced cost, and reduction
in test time.

3.4. Investigation of Immunosensor Sensitivity

These studies focus on how further changes in the competitive inhibition assay protocol may
control the detection sensitivity of analytes in the PSi immunosensor to meet needs of various
clinical applications. It would be very appealing if a base sensor design with a defined surface-
coverage of opiate analogue could be fabricated, stored until needed, and by simply varying
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aspects of the assay protocol (e.g. specimen volume) it would be possible to achieve a tunable
detection sensitivity and dynamic range. This would permit sensitive measurements over a
wide concentration range with minimal alterations in sensor manufacturing.3! Towards
achieving these goals we explored how varying the antibody concentration and urine specimen
volume could effect detection sensitivity.

Reducing the concentration of antibody used in the competitive inhibition assay is one way to
effectively alter sensor response. PSi immunosensor response curves were generated for
morphine (3.5 nM - 35 uM) spiked into drug-free urine with addition of two different antibody
concentrations (1.83 and 0.73 puM, Fig. 4). It is observed that the lower antibody concentration
results in a smaller magnitude of the initial plateau value. This is consistent with less total a-
M Ab present to bind opiate analogue inside the PSi sensor, which has been demonstrated in
direct binding assays (Figure S3). With a lower a-M Ab concentration, less morphine in
solution is also required to inhibit a-M Ab binding. This has the desired effect of shifting the
binding response curve toward lower morphine concentrations (Fig. 4). The empirical logistic
equation was fit to each of the curves (Table S4). The effective concentration where 50% of
signal response was attained (EC50) demonstrates the midpoint of the detection range for each
curve. Lowering the a-M Ab concentration ~2.51 fold (1.83 to 0.73 uM) resulted in a ~2.53
fold downward shift in EC50 values (1.36 to 0.53 uM morphine respectively). This indicates
a lower limit of detection can be attained using a lower a-M Ab concentration, however this
also results in an undesirable reduction in signal to noise ratio (Fig. 4) that consequently could
result in higher occurrence of false sensor readouts.

Alternatively, the effect of urine specimen volume on PSi competitive inhibition
immunosensor response was studied using a series of sensors with the same base opiate
analogue surface-attachment chemistry. We observe that changes in detection sensitivity and
range of detection can be achieved by varying the volume of morphine spiked urine specimens
(Fig. 5). The empirical logistic equation was fit to each of the response curves and results are
tabulated in Table 2. As urine specimen volume was increased from 5 — 100 pl, the EC50 value
and linear detection range systematically shifts towards lower morphine concentrations while
maintaining the same signal to noise ratio. These changes are consistent with an increase in
molar ratio of morphine to a-M Ab with increasing urine specimen volumes. By changing
assay specimen volume PSi sensors were capable of detecting morphine in urine over ~3 orders
of magnitude of concentration (17.5 nM — 10.8 uM, 0.005 — 3.077 pug mi-1).

Itis of interest to note that the steepness of the response curves (Table 2) is observed to increase
as the applied urine specimen volume decreases. This phenomenon is attributed to the fact that
signal is generated from o-M Ab binding to the surface attached opiate analogue within the
fixed internal volume of the porous sensor (~52 nL based on geometrical approximations).
Changing the applied specimen volume on top of the sensor does not alter the effective surface-
attached analogue concentration inside the pore volume. However, the o-M Ab concentration
applied on top of the porous sensor is diluted by the applied specimen volume. Previous studies,
employing a competitive binding biosensor in a semi-permeable membrane, which fixed the
concentration of receptor and competitor upon increasing specimen volume, showed similar
changes in the steepness of the response curve slope. Changes in applied specimen volume
was theorized to be analogous to changes in binding equilibrium constants.3! This interesting
sensing system provides the capability to tune between higher precision testing over a smaller
dynamic concentration range of target and lower detection sensitivity over a wider dynamic
concentration range depending on the clinical application. In the case of opiate drug detection,
the series of sensors as shown here (Fig. 5) also span the positive cutoff values of opiates in
oral fluid (40 ng mI: Table S1) and physiological ranges in serum.32
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4. Conclusions

We have demonstrated here the development of a label-free competitive inhibition assay in a
PSi sensor to optically detect opiates in urine over a range of physiologically relevant
concentrations. The developed competitive inhibition assay format facilitates improved
detection of small molecules by approximately three orders of magnitude (limit of detection =
0.018 M, 5 ng mI-1) compared to what was previously reported with the PSi optical biosensing
technique.?4 In addition, control of sensor sensitivity and dynamic range was achieved by
varying the specimen volume applied to the sensor. High reactivity to oxycodone in addition
to three other opiates defines an advantage over many commercially available immunoassays
that cannot detect oxycodone.! The PSi photonic device and the assay protocol developed here
are appealing for clinical and POC applications as the straightforward optical detection does
not require any secondary label amplification as needed in currently available enzyme
immunoassays and the fully derivatized sensors does not have sensitive antibody immobilized
to the transducer surface allowing for more robust storage prior to testing patient specimens.
In addition, fabrication remains inexpensive and high-throughput analysis is plausible with
chip-based array technology. Future work will focus on measuring the assay cross-reactivity
to various opiates and metabolites and screening clinical patient samples while benchmarking
results to existing gold standard techniques. We also aim to achieve visual color readout upon
positive screening results in these devices for use in POC applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Investigation of M3G and M-BSA analogue attachment chemistries (refer to Scheme 1) effect
on PSi immunosensor response. (a) Specific binding of fixed aliquot of a-M Ab (15 pl, 1.83
uM) and (b) Non-specific binding of a fixed aliquot of unrelated protein (15 ul, 6.67 uM Rabbit
IgG) to different PSi surface-bound analogue chemistries. (¢) PSi competitive inhibition assay
response to varying applied morphine concentrations (0.035 — 35 uM) with M3G (Scheme 1b)
and M-BSA (Scheme 1c) attachment chemistries. Each curve was fit to a four-parameter
logistic equation and corresponding curve steepness values were found to be 1.67 + 0.30 and
2.22 £ 0.42 and the EC50 values were found to be 1.35 + 0.15 and 0.82 £ 0.08 for the M3G
and M-BSA chemistries respectively.
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Figure 2.

Comparison of different assay protocols effect on binding of a fixed amount of a-M Ab (15
ul, 1.83 uM) to the M3G opiate-analogue derivatized PSi sensor (interday n=2, with intrassay
n=3 each day). Protocol I: direct binding of a-M Ab (positive control, no competition).
Protocols 11-1V introduce competition with addition of morphine spiked into urine specimens
(15 pl, 1.05 uM). Protocol I1: competitive inhibition assay created by morphine spiked urine
specimen and a-M Ab solution being added at same time. Protocol I11: dissociation assay as
morphine spiked urine specimen and a-M Ab solution are equilibrated prior to adding to sensor.
Protocol IV: dissociation assay as a-M Ab is pre-bound to the PSi sensor and morphine spiked
urine is subsequently added.
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Comparison of specificity of developed competitive binding inhibition assay in (a) a PSi
immunosensor (interday n=3 with intrassay n=3 each day) and (b) ELISA (interday n=2 with
intrassay n=2 each day). The dose response to varying concentrations of opiates (morphine,
M3G, oxycodone, and 6-AM) and a negative control cocaine metabolite (BE) spiked in drug-
free urine specimens was analyzed.
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Figure 4.

Effect of decreasing a-M Ab concentration from 1.83 uM (15 pl, inter-day n=7 with intra-assay
n=3 each day) to 0.73 uM (15 ul, inter-day n=3 with intra-assay n=3 each day) on PSi
competitive inhibition immunosensor response to varying morphine concentrations (0.002 —
35 uM) spiked into a fixed volume of urine specimen (15 pl).
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Figure 5.

Soglution Volume Effects on Sensitivity of PSi Competitive Inhibition Immunosensor
Response. Sensor optical response to urine specimens of different volume (5, 15, 50, 100 pl)
spiked with a range of morphine concentrations (3E-4 — 200 uM). The applied a-M Ab amount
was kept fixed at 15 ul of 1.83 uM. (inter-day n > 2 for each volume specimen tested with
intra-assay n=3 each day.)
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Surface chemistry to attach opiate analogue to PSi substrate for opiate competitive inhibition
assay.
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Different assay protocols investigated on the M3G opiate-analogue derivatized PSi sensor with
varying the temporal addition of a-M Ab and morphine-spiked urine specimen. (Not drawn to

scale.)
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