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Abstract

Background: Strict glycemic control is known to be a vital key in the management of diabetes mellitus (DM). However,
traditional methods face limitations in their efficacy due to the pain and invasiveness of needle pricking which often discourages
DM patients from performing the required number of tests per day. Saliva glucose (SG) sensing has long been considered a
noninvasive alternative to blood glucose monitoring for diabetes management, however the sample preparation and sensor
detection limit have been deemed as challenges to overcome. Herein, we describe a preliminary clinical validation of a
disposable SG sensor without any requirement for sample preparation.

Methods: The sensor utilizes glucose dehydrogenase flavine-adenine dinucleotide (GDH-FAD) in conjunction with disposable
screen printed electrodes to measure glucose levels in saliva collected directly from 9 healthy subjects. Cyclic voltammetry
and amperometric-time (Amp-it) assays were used to develop calibration curves and test subjects. Sensor calibration was
performed using simulated saliva at 6.5 pH and 37°C.

Results: The lower limit of detection was determined to be 0.1 | mg/dL. A lag time of |5 minutes with a positive correlation
between SG and BG levels was found, which agrees with literature results. The detected SG ranges from 2.38 to 3.40 mg/dL
over a BG range of 90 to 143 mg/dL.

Conclusion: This is the first reported use of measuring SG with GDH-FAD without prior sample preparation. Upon

optimization, the sensor has the potential to serve as a supplement to blood glucose monitoring.
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Diabetes mellitus (DM) is a chronic disease resulting from a
hormonal disorder that causes either the inadequate produc-
tion of insulin, diminished tissue responses to insulin, or
both.! DM affects 347 million people worldwide and 29.1
million in the United States,” which is expected to double by
2050.° The projected expense of DM is estimated to reach
$438 million by 2030.° The average person with diabetes
spends $13 700 on their supplies and treatment yearly, which
is approximately 2.3 times higher than standard health-care-
associated costs endured by a healthy person.”

Tight glycemic management is recognized as the best
practice to avoid chronic complications in diabetes.”” Self-
monitoring of blood glucose (SMBG) via disposable blood
glucose test strips is currently the standard for glycemic con-
trol, allowing patients to adjust insulin dosage with progres-
sive glucose readings.® According to a 2014 report from the
Center of Disease Control and Prevention, 28.7% of DM
patients rely on insulin therapy and/or the combination of

insulin and oral medication.” However, due to the pain asso-
ciated with finger pricking, people with diabetes often have
difficulty complying with testing standards and meeting the
number of required tests per day.'”"" Approximately 30% of
people with diabetes fall short or barely meet the minimum
of three BG tests per day as posted by the American Diabetes
Association."! Currently, there is a lack of devices capable of
noninvasive means of SMBG that offer patients the ability to
test at home, at more consistent intervals, and without pain.
Therefore, a noninvasive alternative or supplemental means
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of monitoring glucose levels should help improve patient
compliance.

DM is a rapidly expanding issue and has been the target of
various forms of research and development. Aside from dis-
posable blood glucose test strips, there are commercially
available continuous blood glucose monitoring systems
(CGMS) as well as research advancements in tattoo-based
glucose monitors'> and glucose-sensing contact lenses."
CGMS provides a valuable stream of glucose measurements
for tight glycemic control, but the wide range of detection
mechanisms have resulted in many different forms of
CGMSs with varying accuracy, consistency, and even inva-
siveness, making normalization across patients difficult.'
Both glucose-sensing contact lenses and tattoo-based glu-
cose sensors have obtained preliminary success but require
further validation.'>"

SG monitoring was first investigated in the 1980s n
an attempt to develop an alternative for BG measurement, as
saliva samples are easily accessible and painless to obtain as
compared to tear fluid and blood. Although the means by
which glucose enters saliva remains inelucidated, it is com-
monly accepted that glucose transport follows the paracellu-
lar pathway as it progresses from the blood stream through
the sublingual gland into the oral cavity. In support of the
physiological mechanism behind glucose transport, specifi-
cally salivary flow rates and glucose reabsorption into the
oral cavity, it has been confirmed that SG levels do remain
much lower than BG levels,'® emphasizing the need for a
sensitive detection technique. The research presented in this
paper supports the presence of a correlation between BG and
SG, and provides supporting evidence that SG detection is
both possible and accurate for its proposed use.

SG is most commonly measured through optical spectros-
copy'” and electrochemical assays.”® Electrochemical SG
sensors are more favorable for SMBG as they are generally
cheaper to produce, provide better sensitivity and are already
employed in traditional BG detection mechanisms. Optical
sensors, although hold promise for futuristic use, face limita-
tions with the current technology. Spectroscopy faces prob-
lems associated with low signal-to-noise ratios, pH and
temperature sensitivity, and inconsistent measurements
caused by natural changes in biological media. In addition,
the spectrum of glucose is analogous to other sugars present
in the mouth causing lack of specificity in the response.”'
Most electrochemical approaches employ the enzyme glu-
cose oxidase,”* however, the use of glucose dehydrogenase
flavine-adenine dinucleotide (GDH-FAD) presents distinct
advantages in SG sensing, which we will demonstrate in
later section. Recently developed disposable lab-on-a-chip
SG biosensors for monitoring glucose levels of patients with
DM*** using glucose oxidase suggest SG monitoring may
be a potential alternative to BG monitoring. However, since
a saliva sample may contain food particles, bacteria, cells,
and other contaminates, sample preparation such as filtering
or centrifuging is typically required,'*** but such time
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consuming practices are not feasible for at-home users. This
paper aims to illustrate the design and development of a dis-
posable electrochemical SG sensor employing a higher spec-
ificity enzyme, GDH-FAD, that can detect SG without any
sample preparation. It also investigates whether a rinsing
protocol alone” is sufficient to obtain clean signals in an
effort to develop user-friendly SMBG sensors.

Material and Methods

Reagents and Chemicals

All chemical reagents were purchased from Sigma (St Louis,
MO, USA) unless stated otherwise. The 10 mM phosphate
buffer saline (PBS) tablets were purchased from Calbiochem
(Gibbstown, NJ, USA), potassium hexacyanoferrate (III)
from EMD Chemicals (Billerica, MA, USA). The redox
probe reagent used was 100 mM potassium ferricyanide dis-
solved in pH 7.4 PBS. GDH-FAD is a kind donation from
Amano Enzyme LLC.

Making of Simulated Saliva

In order to create a calibration curve most representative
of human mouth conditions, a modified simulated saliva
protocol was followed to prepare the simulated saliva.?*°
The preparation of simulated saliva can be found in the
appendix.

Sensor Fabrication

The sensor employed in this work is a commercially avail-
able screen printed sensor known as Zensor (CH-Instrument,
Texas). It has a carbon working electrode, a carbon counter
electrode, and an Ag/AgCl reference electrode. The reagent
was prepared by mixing 1 mL of 100 mM potassium ferri-
cyanide with 1.5 mg of GDH-FAD enzyme. 100 mM potas-
sium ferricyanide was prepared in pH 7.4 1X phosphate
buffer saline (PBS). Dried sensors were then prepared by
pipetting 27 uL of the reagent onto the sensing well to ensure
uniform coverage of all 3 electrodes, a practice commonly
used in the industry. The sensors were then placed in a dehy-
drator at 30°C for 25 minutes to dry the reagent completely.
Completed sensors were carefully examined for visible
defects, and if present, were not used for testing. Upon intro-
duction of the sample, the enzyme is reconstituted in solu-
tion, permitting binding to the active site. Prepared sensors
can be stored at room temperature for up to 12 weeks.

Sensor Calibration

In order to create a calibration curve most representative of
human mouth conditions, simulated saliva was modified to a
pH of 6.5 using 12 M hydrochloric acid and a temperature of
37°C using a water bath.*' Simulated saliva batches contain
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Apm-it curve

Calibration Curve

Figure |. Schematic representation of the glucose detection mechanism. (A) Collection of saliva by naturally salivating. (B) Transfer
the sample onto the SG sensor in which (Bl) the glucose is catalyzed by GDH-FAD enzyme the resulting electrons are detected by
the sensor under an electron mediator, potassium ferricyanide. (C) Data processing, where (Cl) the electrical current generated
after a set amount of time is recorded into the system and matched against a (C2) calibration curve, which then calculates the glucose

concentration and displays the result on (D) a monitor.

ionic salts to obtain a solution similar to human saliva.
Potassium chloride, magnesium chloride and calcium chlo-
ride are contained within the matrix. Additional interference
testing was completed, which verified that the signal due to
these compounds was negligible compared to that of glu-
cose. Glucose was then added to the simulated saliva to con-
struct standard glucose solutions of 0, 2.5, 5, and 10 mg/dL,
covering the physiological range of saliva glucose.'>****
Using 120 pL of sample and an electrochemical analyzer
(1230A, CH-Instrument), cyclic voltammetry (CV) was first
conducted against 5 mg/dL of glucose in simulated saliva to
determine a range of potentials suitable for amperometric-
current-over-time (Amp i-t) assay. Standard glucose concen-
trations in simulated saliva were then tested against various
potentials in Amp i-t to evaluate the resulting lower limit of
detection (LLD), calculated by 3.3*stdev/slope where stdev
is the standard deviation of the response. An analysis of cor-
relation showed that the electrical current at t = 10 seconds is
a good representation of the signal produced by the sample.
After calculating the resulting LLDs, the bias potential of
0.35 V was chosen as it yields the lowest LLD among all
voltages tested. Using 0.35 V, the Amp i-t signals of 0, 2.5, 5,
and 10 mg/dL in simulated saliva at t = 10 seconds were
taken as the calibration curve.

Clinical Testing

The preliminary clinical study consisted of 6 healthy male
subjects and 3 healthy female subjects with ages ranging
from 19 to 25 years. The study was approved by the Arizona
State University Institutional Review Board (IRB) under the
identification number of STUDY00002778. All procedures
and tests were performed in compliance with IRB require-
ments. The sample collection steps are as follows. Each

subject was asked to rinse his or her mouth with fresh water
3 times for 3 seconds each time. The subject was then asked
to accumulate saliva for 30 seconds, and deposit it onto a
sterilized metal lab spatula. A time of 10 seconds was consis-
tently maintained to transfer the 120 pL saliva sample onto
the sensor which was preconnected to the electrochemical
analyzer. This mechanism was consistent across both the
preclinical trial and generation of the calibration curve. The
saliva sample did not undergo any preparation or purification
steps. Immediately following the deposition of saliva, Amp
i-t was performed at 0.35 V for 30 seconds and the current
readings at t = 10 seconds were used as the representative
signal for the SG measurement, as discussed previously. The
electrical signals were then converted to SG using the cali-
bration curve. Each SG measurement was accompanied by a
BG measurement using a SMBG meter and test strip. The
testing schematic can be seen in Figure 1.

SG-BG Lag Time Study

A glucose tolerance test was performed on 9 healthy subjects
by administering a 45 g glucose shot, orally. The subjects
were asked to rinse their mouth following the above proto-
col, and their resting SG and BG values were measured
immediately. After the subject swallowed the glucose shot at
t = 0 minute, their saliva was collected and tested using the
protocol described previously. The entire SG measuring pro-
cess from sampling to obtaining a measurement was approx-
imately 90 seconds. The time difference between a SG
measurement and a BG measurement was controlled to be
within 3 minutes. The SG and BG were measured every 15
minutes until t = 60 minutes, then were measured once every
30 minutes until t = 180 minutes using the same procedure
described above.
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Figure 2. (A) CV of the GDH modified sensor in saliva with 5
mg/dL of glucose. The inset is the zoomed in view from -0.2 V

to 0.4 V. The red circle indicates the expected current responses
observed in Amp-it when 0.35 V is applied. (B) The calibration
curve between glucose concentrations in saliva (mg/dL) and the
current response. The relationship is characterized as Y = —1.75E-
06 Ln(X) — 2.26E-07 with R value of .986. Each concentration
was replicated 3 times. Error bars represent standard error.

SG-BG Correlation

The SG values excluding data points from malfunctioned
sensors and traceable operator errors, are plotted against the
BG values without a lag time adjustment. The data points at
t =0 min from the SG-BG lag time study are excluded due to
potential contamination from administering the glucose
challenge.

Results

Using the methods described above, the CV response and SG
calibration curve can be seen in Figure 2. CV was performed
against 5 mg/dL of glucose in simulated saliva (Figure 2A).
The red circle indicates the expected current responses
observed in Amp-it when 0.35 V is applied. The calibration
curve (Figure 2B) was performed against 0, 2.5, 5, and 10
mg/dL of glucose with 3 replications at each concentration,
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Figure 3. Shows how the saliva glucose tracks blood glucose

in all subjects using disposable SG sensors and SMBG sensors.
The dotted black line represents blood glucose measurements
and trends. The solid grey line represents saliva glucose
measurements and trends. The time stamps are —10, 0, 15, 30, 45,
60, 90, 120, 150, and 180 minutes. Glucose challenge was given at
t = 0 minutes.

covering the physiological SG range. The current response at
t = 10 seconds was taken as the representative signal of the
sample. The %RSDs for this physiological concentration
ranging from low to high concentrations are 12%, 3%, 4%,
and 8%, respectively. The correlation between the
resulting current responses and SG concentrations was
0.986, and the calibration curve is described by
y= —1.75E_6Ln(x)—2.26E_7 , with y being the current in
A, x being the concentration of glucose in mg/dL. The LLD
was calculated to be 0.11 mg/dL.

Using the testing protocol described above, 9 healthy sub-
ject’s SG-BG tracking results were averaged and plotted in
Figure 3. The healthy subject was given 15 g of oral glucose
challenge at t = 0 min. The SG and BG track well with a lag
time of 15 + 15 minutes.

Using the criteria described above, the averaged SG and
BG values are plotted against each other to show the SG-BG
correlation of all subjects, as seen in Figure 4. The result is
not lag time adjusted.

Discussion

The SG seems to track BG with a lag time of 15 + 15
minutes, which is consistent with literature.'>* The vari-
ance in lag time can be attributed to individual metabolic
differences due to dietary patterns, lifestyles, and race.”
The BG drop in Figure 3 at t = 45 min can be attributed to
increased insulin production and secretion as the BG
peaks.** Despite the correlation, changes in SG are much
more subtle as compared to BG. The physiological mech-
anisms behind this observation further emphasize the
need for a highly sensitive enzyme capable of detecting
minute changes in concentration. For these reasons,
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Figure 4. Shows the correlation of SG-BG among all subjects.

Data points from faulty sensors and mishandling were removed.
The slope is characterized by Y = 0.017X + 0.96 with R-square

value of .94. The error bars represent standard error.

employing GDH-FAD provided a unique advantage over
glucose oxidase.

A previously conducted interference test verified the
specificity of GDH-FAD to glucose and disproved its reac-
tivity to other sugars except xylose, which is not present in
the oral cavity.”> GDH-FAD also demonstrated a signal-to-
noise ratio 9 times higher than that of glucose oxidase.*® Due
to the small fluctuations in SG values that translate to rela-
tively high changes in BG, the signal must be able to emerge
from the surrounding noise. In addition, GDH-FAD has 25
times more enzymatic activity than glucose oxidase, which
permits rapid glucose sensing.*® We have previously reported
the use of a GDH-FAD modified sensor for the detection of
tear glucose, which also contains very low glucose levels
analogous to those of saliva, and have verified the perfor-
mance of the sensors in an animal trial ***

The simplicity ofsensor fabrication and lack of sample
preparation provide strong evidence in support of a potential
noninvasive glucose monitor for patients with diabetes.
Despite the advancements presented above, there remains a
lack of consensus on the usefulness of SG in predicting BG.
Some researchers have reported positive linear correla-
tions'>***' while others have not.**** These differences may
be a result of the variability in metabolic function across
individuals as well as differences in health states, age and
gender. Currently, the device is faced with some limitations,
however, further validation and optimization may alleviate
the reported inconsistencies.

Nevertheless, a positive correlation between SG and BG
was identified, which is consistent with literature. '>4%4!
The average SG values ranging from 2.38 mg/dL to 3.40
mg/dL do correlate to a BG range from 90 mg/dL to 143
mg/dL, which are in agreement with published SG val-
ues.'>#32% However, given the variation of SG lag time

among individuals, a personalized calibration curve is rec-
ommended to make SG an ideal, accurate, noninvasive
alternative or supplement to BG monitoring. This study
validates that the implementation of a rinsing protocol
alone is possible to detect SG without the need of sample
preparation, drastically reducing the entire SG measuring
process to under a minute dependent upon user salivary
rate. By utilizing GDH-FAD, the proposed sensor design
does not rely on the use of nanotubes or nanoparticles to
increase sensitivity, which increase the complexity of man-
ufacturing and subsequently affect the approval process
from Food and Drug Administration.

The subtle change in SG could be the side effect of no sam-
ple preparation, as the interference from untreated saliva may
hinder the overall signal. Perhaps a nafeon coating, a standard
industry practice to filter large molecules from blood on BG
test strips, can also be applied to a future prototype of the SG
sensor. Alternatively, mesoporous carbon (MPC) functional-
ized with GDH-FAD can also be used to strengthen the signal
and filter out the interference of large molecules. Our lab has
previously reported a screen printed carbon sensor employing
glucose oxidase-functionalized MPC (fabricated in-house)
working electrode capable of detecting glucose in whole
blood.* MPC can help filter out larger molecules by size
exclusion and the porous structure increases the sensing sur-
face area dramatically to an average of 1500 m*/g, However,
since the MPC sensor has yet to be optimized to detect ranges
below 10 mg/dL, and MPC synthesis adds increased complex-
ity to a supposedly manufacturing-friendly design, it was not
implemented in the reported study. A combination of commer-
cially available MPC and GDH-FAD may offer a more sensi-
tive SG sensor than the current approach.

Conclusion

In summary, an easy-to-use, rapid, and disposable SG sen-
sor prototype employing GDH-FAD without the need of
sample preparation is successfully developed. Initial test
results indicate that the measured SG values and SG-BG lag
time are consistent with literature, suggesting the potential
of this approach. By not having to prepare the saliva sample,
the overall SG measurement time and logistics are similar to
that of BG, which is vital for the user’s acceptance.
Additional optimization and personalized calibration are
still recommended to improve the potential of this approach.
Once fully developed, the technology can be implemented
to serve as a supplement or alternative to traditional means
of glycemic management.

Appendix

Preparation of Simulated Saliva

This protocol is adopted from the works of McKnight-Hanes
and Whitford (1992),%® Levine etal (1987),% and Gallapanayut
(2004).%
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1. Dissolve 2 g of methyl-p-hydroxybenzoate in 800
mL of DI water (solution A).

2. Take 20 mL of solution A and store separately for
chemical solvent later (solution C).

3. Dissolve 10 g of sodium carboxymethyl cellulose in
200 mL of boiled DI water (solution B).

4. Mix 780 mL of solution A with 200 mL of solution B
until it starts becoming sticky (solution D).

5. Dissolve 0.625 g of potassium chloride, 0.059 g of
magnesium chloride hexahydrate, 0.166 g of calcium
chloride dihydrate, 0.804 g of potassium phosphate
dibasic, and 0.326 g of potassium phosphate monoba-
sic with solution C. Mix well then add to solution D.

6. The completed simulated saliva is approximately 7.1
pH and should be stored at room temperature.

Abbreviations

Ag/AgCl, silver/silver chloride; Amp-it, amperometric-current-
over-time; BG, blood glucose; CGMS, continuous glucose moni-
toring system; CV, cyclic voltammetry; DM, diabetes mellitus;
GDH-FAD, glucose dehydrogenase flavin-adenine dinucleotide;
LLD, lower limit of detection; MPC, mesoporous carbon; RSD,
relative standard deviation; SG, saliva glucose; SMBG, self-moni-
toring of blood glucose.
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