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Abstract

The lives of ~900,000 US citizens have been extended by organ, and more recently, limb transplants from 1988
to 2021. Currently, there are over 250,000 patients in the US with a functioning kidney transplant. Unfortunately, the
success of these methods requires lifelong drug treatment that includes immunosuppression drugs, such as tacrolimus.
Furthermore, the dosage and regiment must be monitored to ensure that concentrations are sufficient to avoid
transplant rejection, yet not lead to toxicity. Patients must constantly visit a hospital or clinic to have the drugs in their
blood measured. Unfortunately, this burden has led to non-adherence and consequently, transplant failure in over 20%
of patients, most often resulting in death. In an effort to reduce this burden, we have developed a simple to use assay
to measure tacrolimus in saliva at home in 10-20 minutes. The assay employs a lateral flow assay cassette to separate
tacrolimus from saliva, surface-enhanced Resonance Raman scattering (SERRS) dye probes as reporters to increase
sensitivity, and a simple handheld Raman spectrometer to measure the tacrolimus concentration. Using this assay,
tacrolimus spiked in saliva was successfully measured from 1 to 25 ng/mL.
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Introduction

Nearly 1 million transplants have been performed in the US since
the first kidney transplant in 1954 [1]. Approximately 50% of the
transplants are kidneys, 25% livers, and the remainder heart, lung,
pancreas, liver [2], and more recently non-organ fingers, hands, feet,
arms and legs [3-5]. The use of immunosuppressant drugs, such as
tacrolimus, prednisone, sirolimus, and azathioprine [6], can extend
patients’ lives for 20 years or more [7]. Of course these drugs must
be taken for the rest of the patients’ lives to avoid transplant rejection
[3]. Tacrolimus, formerly known as FK506 [8], has become the drug
of choice to suppress the recipient’s immune system so that the
transplant is not rejected. However, the dosage and regiment, like
all immunosuppressant drugs, must be monitored to ensure that
concentrations are sufficient to avoid rejection, yet not produce toxic
effects, such as renal damage and neurotoxicity. This is challenging
since the immune system and drug pharmacokinetics are recipient
dependent. In the case of tacrolimus, the general protocol is trough
drug levels at 10 to 15 ng/mL for the 1st 5 months, and 5 to 10 ng/
mL thereafter [9]. However, these concentrations have to be monitored
every week post operation to set the patient dependent concentrations,
and at least once a month for the rest of their lives. This requires
patients to make frequent visits to hospitals or clinics to measure their
drug-plasma concentrations. The analysis involves multiple steps:
drawing blood, centrifugation to separate the plasma, and analysis by
complex lab instruments, such as liquid chromatography to separate
the drug from plasma, and tandem mass spectrometers to further
isolate and detect the drug (LC-MS/MS) [10]. This technology is labor
intensive and takes 3-6 hours to obtain results. The combination of
potential transplant rejection, patient specific dosing, complex lab
measurements, frequently visit medical clinics, hours at a time has
led to medical non-adherence as high as 39% [11,12], which in turn is
associated with very high transplant failures and death in greater than
90% of patients [13].

There is clearly a need for a fast, minimally-invasive, and simple
method to monitor drug concentrations. Ideally this method could be
performed by the patient at home. The last requirement can be best

met using saliva as the sample medium. Recent studies have shown
that saliva concentrations are similar to blood and can be used to
monitor tacrolimus treatment [14, 15]. Tacrolimus does not ionize at
physiological pH [16], and readily passes through salivary glands into
the oral cavity [17]. This is ideal, since the unionized, i.e., the free form,
is responsible for the therapeutic effect, as well as toxicity [18]. Finally,
saliva is safe to handle, sampling is painless and can be performed by a
non-expert, which makes it ideal for at-home testing.

The concept of measuring drugs in saliva is not new, and there
exist many commercial lateral flow assay (LFA) test kits [19-21].
However, these kits are not quantitative, providing only a visible
“Test Line”, that indicates the presence of a drug, usually by class. For
more than 15 years we have been investigating the ability of surface-
enhanced Raman spectroscopy (SERS) to measure drugs in saliva [22-
28]. SERS employs a laser to generate a plasmon field at the surface of
gold or silver nanoparticles, and at the same time amplify the Raman
scattering from molecules within that field by as much as 6 orders-of-
magnitude [29,30]. While SERS provided increased sensitivity, our
previous measurements required the use of liquid or solid extraction
methods, limiting the ability to perform the analysis at-home [19-
22]. Recently, we developed a rudimentary LFA that incorporated a
SERS-active pad as the Test Line and measured fentanyl in saliva at
500 ng/mL [31]. However, tacrolimus requires quantitation from 5 to
15 ng/mL. Consequently, we investigated the ability to further amplify
the Raman scattering by adding a dye molecule to generate surface-
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enhanced Resonance Raman spectroscopy (SERRS), which has been
used to detect single molecules in water [32,33]. Here we describe the
development of a SERRS LFA. In use, a saliva sample is added to the
LFA, the saliva flows through the conjugate pad of SERRS probes, that
bind tacrolimus, which if present, bind to a second antibody at the Test
Line, where a Raman spectrometer measures the SERRS probe dye
intensity representative of the tacrolimus concentration.

Materials and Methods

Tacrolimus and all reagents were obtained from Sigma-Aldrich
(Allentown, PA), while tacrolimus antibodies were obtained from
Creative Diagnostics (Shirley, NY), and de-identified, pooled saliva was
obtained from Lee Biosolutions (Maryland Heights, MO). The SERRS
probes consisted of synthesized gold nanoparticles [21], coated with a
dye, as a reporter molecule, and functionalized with antibodies specific
to tacrolimus [25]. The LFA cassettes were of standard construction
(nanoComposix, San Diego, CA) consisting of

1) A conjugate pad containing the SERRS probes,

2) A Test Line functionalized with the tacrolimus antibodies,
3) A Control Line functionalized with goat anti-mouse IgG,
4) A wicking pad, all on

5) A nitrocellulose support,

6) Enclosed in a plastic cassette containing a sample addition port
and a viewing section.

The LFA cassettes were measured using a compact, 5-b Raman
spectrometer of in-house design. It employed a 785 nm diode laser
and a room temperature 512 channel Si array detector. The cassette
Control Line was visually examined after 10 minutes to confirm sample
flow. The cassettes were inserted into a simple enclosure attached to
the spectrometer that fixed the distance of the laser focal point on the
cassettes. The cassettes were positioned manually on the Test Line
for measurements. All measurements used 40 mW laser power and
a 1-sec acquisition time. All sample preparations and measurements
were performed in a Biosafety Level 2 cabinet following standard safety
procedures.

Results

The capabilities of the LFAs were initially tested using tacrolimus
in phosphate buffered saline (PBS) at 0 to 25 ng/mL. For each
concentration, 0.1 mL of sample was added by pipette to a cassette and
allowed to flow for 15 min, after which the Test Line was measured
by the Raman spectrometer. The measured height of the dye SERRS
peak at 595 cm™ was used to develop a concentration plot (Figure 1).

The peak height intensity is a function of the tacrolimus concentration,
which is limited by the concentration of the available antibodies on the
Test Line, and follows a standard Langmuir equation [34] (Equation 1).

[Tacro] = (kxISERRS/(1+kxISERRS))xS

Where [Tacro] is the tacrolimus concentration, k is a constant,
ISERRS is the measured 595 cm™ peak height, and S is a constant
representing the available antibodies on the Test Line, which is
equivalent to the maximum peak height.

Next measurements of tacrolimus added to de-identified, pooled
saliva were performed. A stock solution of tacrolimus was prepared at
0.1 mg/mL in PBS, and serially diluted in saliva to obtain concentrations
from 0 to 25 ng/mL. For measurements, 0.1 mL of each sample
concentration was added to three cassettes (Figure 2). Each cassette was
measured by the Raman spectrometer, and the spectra were averaged
for each concentration (Figures 3A). The averaged measured height of
the dye SERRS peak at 595 cm-1 for each concentration was used to
develop a concentration plot, which was fit by a Langmuir equation
(Figure 3B). For these saliva samples, the peak heights were lower in
intensity by 13-17% compared to the PBS samples (Figure 2A). This
intensity decrease was expected as the saliva mucins block some of the
antibody binding sites, as reflected by the constant S (Figures 1-3).

The standard deviation generally increased with concentration, and
ranged from 0.3 to 2.7 ng/mL, ignoring the sample with no tacrolimus
added (Table 1).

The averaged peaks heights were also used to predict the
concentrations using the Langmuir equation that was fit to the data,
as would be performed by software in a product. The error for these
predictions ranged from -1.9 to 0.5 ng/mlL, ignoring the 25 ng/mL
sample, which had a large error due to the imprecision of the equation
at this higher concentration.

The lowest measured saliva sample, 2.5 ng/mL, was used to calculate
a limit-of-detection (LOD) based on the signal-to noise ratio (S/N) of
3, and the limit-of-quantitation (LOQ) based on an S/N of 10, using
RTA’s signal and noise determination software (Figure 4A). The signal
is calculated as the baseline corrected peak height, while the noise is
calculated as the root mean square (rms) noise of a baseline equivalent
in width to the peak at the baseline. The LOD was determined to be 0.16
ng/mL (2.5 ng/mL x [3/47]), and the LOQ was determined to be 0.53
ng/mL (2.5 ng/mL x [10/47]) in saliva (Figure 4).

In an effort to demonstrate selectivity, sirolimus, another
immunosuppressant drug with a structure very similar to tacrolimus;
and cyclosporin, often used as a co-administered drug, were both
measured using this assay. Spectral measurements of both samples
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Figure 1: A) SERRS of 25, 12.5, 6.25, 3.125, and 0 ng/mL in PBS, and B) corresponding plot of the SERRS 595 cm™ peak height as a function of sample concentration
with the expected Langmuir dependence fit to the data. Spectral conditions: 40 mW at 785 nm, 1 sec acquisition, baseline set to 0 at 420 cm'.
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Figure 2: Photograph of LFAs used to measure 0 to 10 ng/mL tacrolimus spiked in saliva (12.5 and 25 ng/mL cassettes not shown).
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Figure 3: A) SERRS of 25, 12.5, 10, 7.5, 5, 2.5 and 0.0 ng/mL in pooled saliva, and B) corresponding plot of the SERRS 595 cm™" peak height as a function of sample

concentration with the expected Langmuir dependence fit to the data. Spectral condit

ions: 40 mW at 785 nm, 1 sec acquisition, baseline set to 0 at 535 cm™.

Table 1: Measured SERRS peak heights at Test Lines for 3 cassettes each at 25, 12.5, 10.0, 7.5, 5.0, 2.5, and 0 ng/mL Tacrolimus with average and standard deviation,

as well as concentration standard deviation, and Langmuir calculated concentrations and error.
SERRS Peak Height 9595 (cm™) Tacrolimus (ng/ml)

Cassette 1 Cassette 2 Cassette 3 Average Stan Dev Prepared * Stan Dev Calculated Clic Error
2534 2136 2085 2251.7 245.8 25+27 60 35
1723 2054 1763 1846.7 180.7 125+1.2 11.5 -1
1620 1522 1951 1698 224.6 10+1.3 8.1 -1.9
1659 1456 1559 1558 101.3 75+0.5 6 -1.5
1831 1263 1357 1483.4 133.4 5+1.0 3 0.5
1167 1326 1061 1184.4 133.4 25+03 3 0.5
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Figure 4: A) Image of RTA software used to calculate the LOD and LOQ using the 2.5 ng/mL Tacrolimus in saliva SERRS peak height. B) SERRS of 1) 2.5 ng/mL tacrolimus,
2) sirolimus, 3) cyclosporin, and 4) saliva as a blank (same scale, but offset for clarity). Spectral conditions as in Figure 1.

prepared at 500 ng/mL, 50 times the normal tacrolimus dose, yielded
no spectra of the SERRS Probes demonstrating excellent antibody
specificity, even at this high concentration. In fact, the spectra were
identical to that of a blank sample of PBS (Figure 4B).

Conclusion

A lateral flow assay cassette for Tacrolimus in saliva was developed
that employed novel SERRS probes that bind tacrolimus, which were
quantitatively measured using a Raman spectrometer. Successful
measurements of tacrolimus in phosphate buffered saline were
followed by measurements of tacrolimus in purchased de-identified,
pooled saliva covering the treatment range of 5 to 15 ng/mL. The SERRS
intensity as a function of tacrolimus concentration followed a standard
Langmuir equation, which was fit to the data and used to predict the

concentrations based on the SERRS peak heights. The average error
for the samples from 2.5 to 12.5 ng/mL was *1 ng/mL tacrolimus. In
addition, measurements of sirolimus, another immunosuppressant
drug with a very similar chemical structure, and cyclosporin, an often
used co-drug, showed no antibody cross reactivity at concentrations
50 times those used during treatment. While these measurements
represent a limited set of ideal samples, these results are in-line with the
requirements for monitoring dosage. Future research will test the ability
of the LFA cassettes and SERRS measurements to detect tacrolimus in
actual human samples with the goal of developing a simple-to-use, at-
home immunoassay drug monitor. We believe that the elimination of
the 1-4 monthly visits to hospitals or clinics for painful blood draws,
will greatly reduce non-adherence, and thereby reduce organ rejection,
and in many cases extend lives.
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