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In the last decade, saliva has been advocated as a non-invasive alternative to blood as a diagnostic

fluid. However, use of saliva has been hindered by the inadequate sensitivity of current methods

to detect the lower salivary concentrations of many constituents compared to serum.

Furthermore, developments in the areas related to lab-on-a-chip systems for saliva-based point of

care diagnostics are complicated by the high viscocity and heterogeneous properties associated

with this diagnostic fluid. The biomarker C-reactive protein (CRP) is an acute phase reactant

and a well-accepted indicator of inflammation. Numerous clinical studies have established

elevated serum CRP as a strong, independent risk factor for the development of cardiovascular

disease (CVD). CVD has also been associated with oral infections (i.e. periodontal diseases)

and there is evidence that systemic CRP may be a link between the two. Clinical measurements of

CRP in serum are currently performed with ‘‘high sensitivity’’ CRP (hsCRP) enzyme-linked

immunosorbent assay (ELISA) tests that lack the sensitivity for the detection of this important

biomarker in saliva. Because measurement of salivary CRP may represent a novel approach for

diagnosing and monitoring chronic inflammatory disease, including CVD and periodontal

diseases, the objective of this study was to apply an ultra-sensitive microchip assay system for the

measurement of CRP in human saliva. Here, we describe this novel lab-on-a-chip system in its

first application for the measurement of CRP in saliva and demonstrate its advantages over the

traditional ELISA method. The increased sensitivity of the microchip system (10 pg ml21 of CRP

with 1000-fold dilution of saliva sample) is attributed to its inherent increased signal to noise

ratio, resulting from the higher bead surface area available for antigen/antibody interactions

and the high stringency washes associated with this approach. Finally, the microchip assay system

was utilized in this study to provide direct experimental evidence that chronic periodontal disease

may be associated with higher levels of salivary CRP.

Introduction

The development of analytical devices utilizing microfluidic

structures and lab-on-a-chip platforms has shown break-

through advancements over the last decade, both for chemical

as well as biological applications.1–10 Microfluidic lab-on-a-

chip systems target clinically relevant biomarkers in physio-

logical fluids with reduced sample, reagent, and assay time

requirements, and therefore promise to have a significant

impact on clinical diagnostics, especially at the near-patient or

point-of-care setting. Miniaturized devices and non-invasive

sampling procedures that reduce iatrogenic blood loss and

pain, present an ideal combination for point-of-care-testing,

especially for geriatric and pediatric patients and for certain

intensive care situations.10

Interest in saliva as a diagnostic medium has increased

dramatically during the last decade, as saliva and other oral

fluids have been shown to reflect tissue fluid levels of

therapeutic, hormonal, immunological and toxicological

molecules. Oral fluids have also been shown to contain bio-

markers associated with infectious and neoplastic diseases.11–15

Similarly, the analysis of salivary fluids, like blood-based

assays, yields useful diagnostic information for the assessment

and monitoring of systemic health and disease states, exposure

to environmental, occupational, and abusive substances, as

well as for the early identification of harmful agents dispersed

by bio-terrorist activities.16

The major advantages for using saliva in diagnosis relative

to blood-based assays have been described in some detail

previously.13,17–21 Most importantly, collection of saliva may

be done by procedures that are considered to be non-invasive,

painless and convenient. Consequently, these methods may be

performed several times a day under circumstances where it

may be difficult to collect whole blood specimens.

Clearly, major advances related to salivary diagnostics

depend strongly on the availability of high quality diagnostic

procedures that provide practical solutions for measurement

of numerous analytes at physiological concentrations within

this ultra-complex biomatrix. Likewise, before a salivary

protein becomes associated with a particular disease, it is*mcdevitt@mail.utexas.edu
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imperative to first have a suitable method for its detection

and measurement. From this perspective, the present lack of

practical detection methodologies represents a major limiting

factor, because most current assay systems do not provide the

necessary sensitivity for the detection of biomarkers present at

the low, but still patho-physiologically relevant, concentra-

tions in saliva.

One such biomarker whose measurement in saliva could

potentially contribute in a significant manner to the under-

standing and diagnosis of disease is C-reactive protein (CRP).

This important inflammation marker is a non-glycosylated

118 KD ubiquitous protein found in both vertebrates and

invertebrates.22 The protein belongs to the family of pentrax-

ins, and is a calcium-binding protein consisting of five non-

covalently bound, identical, spherical subunits, each with a

molecular weight of 20–28 KD. In humans, CRP is derived

from the liver and its production is regulated by cytokines,

such as tumor necrosis factor (TNF)-a, interleukin (IL)-1b

and IL-6.23–29 The CRP biomarker was originally defined

as a substance observed in the plasma of patients with

acute infections that reacted with the pneumococcal

C-polysaccharide. It is now classified as a characteristic acute

phase reactant in human serum and a classic marker of

inflammation.23

Recent clinical and epidemiological studies have demon-

strated the association between inflammation and cardiovas-

cular disease (CVD).30–33 Likewise, serum CRP has been

defined as a strong, independent risk factor for heart disease.

More specifically, it has been shown that chronic, minor

elevations of CRP are predictive of both CVD in apparently

healthy individuals and of future cardiovascular events in

patients with coronary heart disease.34 In fact, CRP has been

found to be a stronger predictor of cardiovascular events

than has high-density lipoprotein cholesterol (HDL) level.30

Evidence suggests that CRP may be directly involved in

atherosclerosis by amplifying the anti-inflammatory response

through complement activation, tissue damage, and activation

of endothelial cells.35

Several groups have reported elevated serum CRP levels in

periodontal disease patients.36,37 The extent of increase in

serum CRP levels in periodontitis patients correlates signifi-

cantly with the severity of the disease, even with adjustments

for smoking habits, body mass index, triglycerides, and

cholesterol levels. Interestingly, there seems to be an indirect

association between the occurrence of periodontal conditions

and an increased risk for CVD.38,39 The positive correlation

between serum CRP with both periodontal disease and CVD

may indicate that circulating inflammatory molecules con-

tribute to the pathogenesis of both conditions.

Unfortunately, to date few studies have been completed to

explore in a systematic way the level of CRP in the fluids of the

oral cavity. Studies of this type are therefore needed to further

explore the relationship of these two important inflammatory

diseases. Commercially available ‘‘high sensitivity’’ CRP

(hsCRP) kits, based on the Enzyme-Linked ImmunoSorbent

Assay (ELISA) method, with a limit of detection at 1.0 ng ml21,

have facilitated serum studies of CRP levels. However, no

method has yet been reported to measure CRP effectively in

saliva specimens.

We have previously reported the development of a novel

microchip-based detection system for measuring analytes

such as acids, bases, electrolytes and proteins in solution

phase. This lab-on-a-chip system is based on the electronic

taste chip (ETC) approach. The sensor array platform

performs chemical and immunological reactions on and

within the interior regions of microspheres positioned in the

inverted pyramidal microchamber wells of a silicon or plastic

microchip.40–48 Microfluidic structures deliver a series of

small-volume reagents and washes to the chip and to each of

the microspheres. Optical signals generated by the reactions

on the microspheres are visualized at, and captured by, a

charge-coupled device (CCD) video chip along with the use

of transfer optics. Using the ETC system, complex immuno-

logical assays can be performed with small sample volumes,

short analysis times, and markedly reduced reagent costs.

This integrated and automated system has been adapted

previously for the measurement of CRP and other markers of

inflammation in the context of serum measurements.43 Herein,

we report the extension of this lab-on-a-chip system for the

initial measurements of CRP levels in saliva. This newly

fashioned ultra-sensitive method extends the saliva-based

diagnostics to significantly lower CRP levels, as needed for

measurement of patients with healthy oral conditions, there-

fore allowing for the first comparison of CRP levels between

healthy, periodontitis and edentulous patients. This work

represents the initial lab-on-a-chip study of inflammatory

markers in salivary fluids.

Methods and materials

Saliva and serum sample collection

Unstimulated whole saliva was collected at the College of

Dentistry, University of Kentucky as described previously.49

Briefly, after a rinse of the mouth with water, saliva was

allowed to accumulate in the floor of the mouth for

approximately 2 min and repeatedly expectorated into a test

tube to collect y5 mL. Following collection, the samples

were aliquoted and immediately stored at 270 uC until

their transport over dry ice to The University of Texas

at Austin for further testing. The duration of transporta-

tion and storage was no more than 2 days and 3 weeks,

respectively.

In selected cases, whole blood was collected via veni-

puncture from study participants. Blood was centrifuged

to separate the clotted pellet from the supernatant serum,

and the serum was stored frozen at 280 uC until testing

for CRP using the ELISA method (at The University of

Kentucky) and ETC methodology (at The University of Texas

at Austin).

Subject population and study design

This study was approved by the Institutional Review Boards of

The University of Texas at Austin and The University of

Kentucky. Three groups of adult patients matched by race

and age participated. The first group consisted of 15 normal

healthy volunteers without any clinically detectable period-

ontal lesions. Specifically, this group of patients had at least
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20 teeth with less than 10% of periodontal sites with bleeding

on probing, less than 2% probing depths greater than or equal

to 5 mm, less than 1% of interproximal sites with clinical

attachment loss of greater than 2 mm, no evidence of

radiographic bone loss as determined by posterior vertical

bitewings films, and no pocket depth sites greater than 5 mm.

The second group was derived from 15 patients with period-

ontal disease. This class of patients had noticeable loss of

connective tissue attachment and bone around the teeth in

conjunction with the formation of periodontal pockets due to

the apical migration of the junctional epithelium. Specifically,

the second group was comprised of individuals with at least

20 teeth with greater than 30% of periodontal sites with

bleeding on probing, greater than 20% probing depths

greater than or equal to 4 mm, and greater than 5% of

interproximal sites with clinical attachment loss of greater than

2 mm, and evidence of radiographic bone loss as determined

by posterior vertical bitewings films. The third group consisted

of 6 edentulous subjects who had been without teeth for at

least 6 weeks.

ELISA testing

Serum and saliva samples were tested for CRP using a

clinically validated hsCRP ELISA kit as obtained from

ALPCO (Windham, NH). The CRP standards provided in

the kit were also tested against standards used in the ETC

method (Cortex Biochemical, San Leandro, CA), and a

correction factor derived from that comparison was applied

in the validation studies of the ETC method.

ETC testing

Agarose microbeads used in The University of Texas at Austin

lab-on-a-chip studies were obtained from Agarose Bead

Technologies (Lowell, MA). The CRP-specific antibodies were

purchased from Accurate Chemical, Scientific Corporation

(Westbury, NY) and Biogenesis (Kingston, NH). Alexafluor-

488 was conjugated to the detecting antibody using a

commercially available kit from Molecular Probes (Eugene,

Oregon). The CRP standards were obtained from Cortex

Biochemical (San Leandro, CA). The CRP-depleted serum

was obtained from International Enzymes (Fallbrook, CA).

Anti-Helicobacter pylori antibody was obtained from Accurate

Chemical and Scientific Corporation (Westbury, NY).

Bead sieving and deritivization

The diameter of the commercial beads varied between 180–

450 mm. As the precision of the ETC assay is highly dependent

on the size homogeneity of its component sensor beads,

beads were first exposed to a sieving process that produced

a consistent population of micro-spheres 280 ¡ 10 mm. The

CRP-specific and control (rabbit anti-H. pylori) antibodies

were then coupled to the beads by reductive amination, as

described previously.43

Assay conditions

All assays on the ETC system were performed at room

temperature under continuous fluid flow conditions. Prior to

each assay, beads and the inner walls of the capillary tubing

used to introduce reagents to the flow cell were blocked with

3% bovine serum albumin (BSA) in phosphate buffered

saline (PBS). For saliva testing, CRP standards were serially

diluted in PBS, and saliva samples were tested following

a 1000-fold dilution with PBS. For serum testing, CRP

standards were prepared in a diluent consisting of CRP-

depleted serum and a 1% BSA/PBS (1:9 ratio). Serum samples

were tested after they were diluted 100-fold in the same

diluent. Standards and samples were delivered to the flow

cell for 5 minutes, followed by a PBS wash, delivery of

Alexafluor488-conjugated detecting antibody for another

5 min, and a final PBS wash. In colorimetric assays, utilizing

horseradish peroxidase (HRP)-conjugated visualization anti-

bodies, the presence of captured analyte was detected

following injection of the chromogenic and precipitable HRP

substrate, 3-amino-9-ethylcarbazole (AEC). The immuno-

logical components of the beads were regenerated with solu-

tion phase exposure to 0.1 M glycine-HCL buffer (pH 2.5) and

then re-equilibrated with PBS.

Confocal microscopy

Confocal images of beads utilized in ETC assays were captured

with a Leica TCS 4D (Bannockburn, IL) confocal microscope

equipped with a Kr/Ar mixed gas laser and DIC optics.

Automated data acquisition methods

To acquire the optical data, a software-controlled utility was

applied to a selected area of interest (AOI) around each bead

in the array as described previously.32–40 The average signal

intensity of each AOI was exported to a data spread sheet.

Statistical procedures were applied to calculate the average

signal from 9 redundant CRP-sensitized beads generated in

response to the sample. This value was compared to the

standard curve to determine the unknown CRP concentration

using standard curve fitting protocols.

Results and discussion

ETC assay system

In the microchip assay system described herein, immunoassays

are performed on porous beads, positioned in a micro-etched

array of wells on a silicon wafer/chip platform (Fig. 1a). Each

bead within the array serves as its own independent self-

contained micro-reactor structure, with its selectivity

determined by the specificity of the antibody that it hosts.

The bead-loaded chip is sandwiched between two optically

transparent polymethylmethacrylate (PMMA) inserts, pack-

aged within a metal casing described here as the ‘‘flow cell’’

(Fig. 1b). This flow cell allows for delivery of sample and

reagents to the microchip and the associated beads. Fluids are

delivered via the top inlet, evenly soaking the beads located

therein. The unspent reagents are directed to a waste reservoir

through the bottom drain element. Images of fluorescent (via

epi-illumination) or colorogenic (via transmission mode) beads

are captured with a digital video chip (Fig. 1c) and analyzed to

facilitate detection and, ultimately, quantitation of analytes in

complex fluids.
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CRP immunoassay on ETC system

A sandwich-type immunoassay used for the measurement of

CRP on the ETC lab-on-a-chip system is shown in Fig. 2a.

Here, a polyclonal rabbit CRP-specific antibody coupled to an

agarose bead sequesters CRP within and around the bead. A

detecting antibody is used to visualize the bead-captured

analyte. For fluorescent-based detection, an Alexafluor-488-

conjugated antibody is employed. For colorimetric detection, a

horseradish-peroxidase-conjugated antibody is used in con-

junction with its colorimetric substrate, AEC, which produces

a red–brown precipitate that penetrates into the bead interior.

The observation methods for the colorimetric and fluorescence

detection modalities in the microchip system are virtually the

same. In both cases, signals generated on the beads are

visualized and captured by a CCD camera positioned above

the array. Different between the two detection modalities is the

direction from which the bead array is illuminated. This, in

turn, affects the portion of the bead that is visualized and

eventually analyzed. More specifically, in the fluorescence

mode, light is directed to the beads from above (i.e. in the epi-

fluorescence mode), while in the colorimetric modality, the

array is illuminated from below (i.e. with transmitted light).

Consequently, in contrast to fluorescence, whereby the whole

bead is visualized, the colorimetric approach produces an

image of a square portion of the bead, whose size is defined by

the size of the bottom opening of the micro-etched well on

the silicon chip.

Typical results for each of the detection modalities are

shown in Fig. 2b. In both cases, the background signal on

negative control beads coupled to irrelevant rabbit immuno-

globulin is minimal. From these two modes of detection, the

fluorescent-based approach is chosen as the preferred method

here for the CRP assay for a number of reasons. First, it

requires no substrate and thus requires fewer steps than its

colorimetric counterpart, thereby yielding more rapid assay

times. Second, the method based on fluorescence provides for

a more sensitive assay. Third, it allows for more cycles of bead

regeneration (data not shown). For the latter feature, an

elution buffer is used to efficiently remove the CRP analyte

and detecting antibody from the beads without affecting the

quantity or quality of the capturing antibody. This feature

allows for successive assay cycles to be carried out without loss

of specificity or sensitivity for CRP.43 This unique assay

characteristic facilitates the development of an automated

system, whereby one set of beads may be recycled and used

sequentially for multiple assays, including those necessary for

the generation of the standard curve and testing of unknowns.

After each trial, the final image of the bead array is captured

with the CCD, digitally processed and analyzed (Fig. 2c), and

Fig. 1 A scanning electron microscopy (SEM) micrograph of a

3 6 3 array of agarose beads positioned in wells micro-etched into a

silicon microchip is shown in (a). The bead-loaded microchip is

positioned between two transparent PMMA inserts and packaged

into a metal casing (b). Signals generated on the beads are captured

with a charge-coupled device (CCD) (c).

Fig. 2 The relevant immunocomplexes of the bead-based CRP assay

are shown in schematic form in (a). Detection of the captured analyte

is achieved either in fluorescence (i) or colorimetric (ii) modes. A

typical result for each approach is shown in (b). An image showing a

population of y280 mm bead micro-reactor elements is captured

digitally and analyzed in an automated fashion with a macro that

measures the signal intensity of an area of interest (AOI) around each

bead in the array (c). The average signal intensity of each AOI is

exported to a data spread sheet.
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the signal intensity converted for each bead into a quantitative

CRP measurement using the generated standard curve.

Measurement of salivary CRP by ETC and ELISA

One particularly interesting characteristic of the ETC-based

assay system is that the dose response to CRP varies with the

choice of solvent matrix, as shown in Fig. 3. Interestingly, the

ELISA system when tested in a similar capacity shows only a

modest influence of running buffer (data not shown), while the

ETC system reveals a strong dependence on buffer composi-

tion. Thus, the choice of buffer can been used to tailor the

analysis range as needed for various application settings. In the

case of saliva measurement of CRP in healthy patients, PBS

is selected because of the ultra-low detection capabilities

provided by this matrix (vide infra).

Fig. 4 shows typical CRP dose response curves obtained

with the ETC lab-on-a-chip system (in PBS matrix) along with

the data derived from the traditional hsCRP ELISA system.

From a comparison of the two methods, it is clear that the

ETC approach yields a much lower (by at least 5 orders of

magnitude) limit of detection than that exhibited by the

standard ELISA procedure. Indeed, the limit of detection

exhibited by the ETC approach is lower than all other CRP

assays reported in the literature to date. Likewise, with this

12 minute assay procedure (with a detection limit at 5 fg mL21

and a useful range between 10 fg mL21 to 10 pg mL21), it is

possible to dilute each saliva sample 1000-fold. This dilution

step serves to eliminate problems associated with the high

viscosity of the saliva matrix, while still maintaining the

capacity to detect and accurately measure CRP concentrations

between 10–10,000 pg mL21. In contrast, the hsCRP ELISA

method yields a detection limit of 1 ng mL21 and a useful

detection range of between 2–100 ng mL21 CRP. Therefore,

ELISA does not allow for measurement of CRP in diluted

samples. Furthermore, when the hsCRP ELISA assay kit is

employed for the measurement of salivary CRP in the 36

subjects participating in this study, CRP is detectable in only 2

of the subjects (5.55%) tested. In contrast, the ETC method

measured CRP in 100% of the individuals tested (vide infra).

As the majority of saliva CRP levels are undetectable with

ELISA, validation studies of the ETC lab-on-a-chip approach

are first performed using serum samples (Fig. 5). Data shown

here represent CRP values from 9 serum donors evaluated in

parallel by ELISA and the ETC method. With such serum

measurements there is excellent agreement between the two

methods. Further, the ETC approach is validated in recovery

studies. Saliva samples are spiked with known amounts of

CRP (10 and 100 pg mL21) and measured results are

compared with the expected value based on the amount added

to the sample. Recovery of salivary CRP by ETC is determined

to be between 94–100%, while that of ELISA, presumably

because of its lack in sensitivity in that CRP concentration

range, is much lower at y70%. In this set of experiments

the precision of the microchip-based CRP assay was also

evaluated. Bead to bead signal variation and inter-assay (run

to run) variance for the majority of samples tested were both

significantly reduced from .30 to ,8%, when beads used in

the assay were first exposed to a sieving process that produced

a consistent population of micro-spheres 280 ¡ 10 mm.

Fig. 3 The average green fluorescence intensities (in arbitrary units,

a.u.) of agarose beads exposed to various concentrations of CRP in

either PBS, 0.1% BSA/PBS, diluent of the commercially available

(ALPCO) hsCRP ELISA kit and CRP-depleted human serum are

shown. The assay performed in the PBS matrix yields the lowest limit

of detection.

Fig. 4 Dose-dependent curves obtained for CRP are shown for both

the ETC lab-on-a-chip method as well as hsCRP ELISA method

expressed as percent of maximum signal. The ETC lab-on-a-chip

approach yields a much lower limit of detection than that exhibited by

the standard ELISA procedure.

Fig. 5 The CRP concentrations from 9 serum samples are measured

in parallel with ETC and hsCRP ELISA. The CRP values measured by

the two methods are compared and plotted in the provided correlation

graph. The two methods are in agreement with correlation coefficient

(r) at 0.995 (95% confidence level).
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We next took advantage of the low detection threshold for

the ETC lab-on-a-chip system as obtained in the PBS matrix to

test saliva samples of healthy individuals, edentulous subjects

and periodontal disease patients for CRP. As shown in Fig. 6,

the healthy and edentulous groups demonstrate significantly

lower mean salivary CRP levels (92 and 65 pg mL21,

respectively) compared to the periodontal disease counterpart

(mean CRP levels at 2,001 pg mL21). Furthermore, the ETC

lab-on-a-chip system efficiently detects differences in CRP

levels between and within each of the groups tested. The CRP

values below 225 pg mL21 define the majority (93.3%) of

healthy individuals, whereas CRP levels above this concentra-

tion discriminate 86% of periodontal disease subjects

(Fig. 7). Statistical analysis of these data reveals that the CRP

levels of the patients with high CRP levels (over 225 pg mL21)

are associated with an odds ratio (OR) of 91 for periodontitis

(95% confidence interval, 7.35 to 1110.0, P , 0.0001). In

contrast, when the same samples are analyzed with hsCRP

ELISA, with a detection limit of 1.0 ng mL21, CRP is detected

in only two of the 30 samples tested, both of which are from

the periodontal disease group.

A number of key factors contribute to the low detection

threshold capabilities of the microchip system. First, with the

standard ELISA method slow transport and ineffective rinsing

of reagents and analytes occur due to the poor transport

properties of these species to the planar surface of the ELISA

plate. However, within the ETC lab-on-a-chip system, the

integrated microfluidic structures are used to actively transport

reagents to the microporous bead elements. While ELISA

typically requires 2 or 3 manual washes to reduce nonspecific

background binding effectively, by contrast, in the ETC lab-

on-a-chip system low bead internal volumes (y20–30 nL per

bead) along with high effective flow rates (1–5 mL min21)

allow for the completion of highly stringent washes

(.5000 effective washes per minute).40,41,43–48 These washes

contribute to further reduction in background signal.

Moreover, the use of a porous bead allows for the creation

of a long effective path length. Here the entire bead diameter

may, in principle, be used for this purpose. On the other hand,

a planar surface with modest roughness is typically used as

the capture element for ELISA. Likewise, the lack of an

effective transport mechanism to drive reagents and analytes

to the active region in ELISA, the small sample thickness

and ineffective rinse procedures ultimately contribute to the

poorer relative performance capabilities for this now standard

methodology.

Capture dynamics of CRP analyte on bead micro-reactors

To explore the effectiveness of the bead micro-reactor for

capture of the CRP, confocal microscopy measurements are

completed using a number of different sampling media. The

goal of these studies is to achieve a more complete under-

standing of the transport, signaling, and capture dynamics of

the protein analytes at the surface and within the interior

regions of the bead micro-reactors. Quite interestingly, we note

large differences between the apparent radial penetration of

CRP into the bead interior depending on the choice of running

buffer. For example, in PBS it is noted that signals are

generated within the center and around the periphery of the

bead (Fig. 8a and c). In contrast, in serum the signal appears to

be restricted mainly to the periphery of the bead (Fig. 8b and

d). These differences in the apparent location and efficiency of

immunocomplex formation within the bead matrix may

provide some insight into the large differences noted in the

buffer dose dependence response data shown in Fig. 3.

The use of porous beads thus may provide information not

only with respect to the raw signal derived from the aggregate

of the bead, but also may yield information on the radial

distribution of captured analyte. Indeed, prior literature

reports have indicated that CRP in serum exists predominantly

as a pentamer and that this structural element is stable as long

as sufficient calcium is present in the solution.50,51 In the

Fig. 6 Salivary CRP levels in 15 healthy, 15 periodontal disease and 6

edentulous subjects as measured by the ETC lab-on-a-chip method are

shown in the bar graphs. The value above each bar represents the

average CRP concentration for each group. The range of CRP

concentrations for each group are also shown.

Fig. 7 The ETC lab-on-a-chip method is applied for the measure-

ment of CRP in 15 healthy (a) and 15 periodontal disease (b) subjects.

Each point on the graph represents the salivary CRP concentration of

a subject within each group. The CRP values below 225 pg mL21

define the majority (93.3%) of healthy individuals, whereas CRP levels

above this concentration discriminate 86% of periodontal disease

subjects.
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absence of this calcium content, the pentamer dissociates into

monomers in an irreversible fashion.51 It is therefore not

surprising that in serum pentameric CRP (y108 KD) could

form an immunocomplex with the capturing antibody

(150 KD) and the detecting antibody (150 KD) that may be

too large to penetrate effectively into the bead interior region

during the time scale of the assay sequence. Further, the

combination of high avidity effects along with the use of

polyclonal capture antibodies may lead to multi-dentate

interactions for the pentamer that are absent or reduced in

number relative to those which occur for monomeric systems.

These factors may contribute to the capture of CRP at the

periphery of the bead in pentameric form. In contrast, in PBS

and in the absence of calcium, CRP is expected to be present in

its monomeric form and therefore, it is expected to be captured

in and around the bead, creating conditions that favor an

assay with an extremely low detection limit. This potential

capacity to distinguish between the two structural states of

CRP is a unique characteristic of the microchip bead-based

approach that is not possible with the standard ELISA

methodology. Further studies are required to resolve more

completely these intriguing phenomena but, none the less, the

use of the radial component as here described provides new

insight into the immunocomplex formation processes that

occur within the confines of microfluidic structures. The

present studies here reported yield information suggestive of

interesting new imaging characteristics that can be used with a

combination of microfluidic elements to yield interesting assay

characteristics as well as useful scientific insight into protein

associations that occur within complex fluids.

Conclusions

A multi-disciplinary effort merging chemistry, dentistry, and

immunology with engineering, physics and computer sciences,

has contributed to development of a versatile lab-on-a-chip

assay system that has been applied successfully in this study for

the measurement of CRP in saliva. Unlike ELISA, where slow

steps are associated with diffusion of reagents, the superior

assay characteristics of the ETC lab-on-a-chip system may be

attributed to the active transport of its reagents and small size

of its components. These features allow for a more efficient

delivery of reagents and more stringent washes. Signals

generated in the confined volume of the bead are thus signifi-

cantly larger and the non-specific background signal lower. In

contrast to ELISA, in which antigen–antibody interactions are

generated on a single layer on the bottom surface of the well,

the ETC system benefits from the use of porous beads, that

allow for a greater number of antibody molecules to capture,

and thus detect, CRP at extremely low concentrations.

In addition, unlike ELISA, this ETC lab-on-a-chip system is

amenable to full automation and allows multiplexing of theme-

specific groups of analytes, thus promoting a more com-

prehensive approach to disease risk assessment. The successful

implementation and integration of microbead arrays along

with microfluidic structures has led to a flexible miniaturized

total analysis system. We envision the development of portable

devices to be used at the point-of-care setting, such as the

dentist’s, or physician’s office, in the near future. Significant

effort at The University of Texas at Austin is currently being

directed toward the development of portable instrumentation

suitable for point-of-care measurements.

The ETC lab-on-a-chip system has benefited the advance-

ment of saliva as a diagnostic fluid by providing an

ultra-sensitive test for the measurement of an important

inflammatory marker, CRP, in this biological fluid matrix.

We have successfully demonstrated the presence of CRP in

saliva and detected significant differences in concentrations

between periodontally-healthy individuals and those with

chronic gingival inflammation and alveolar bone loss (period-

ontitis). Further, it has been established here that this lab-on-

a-chip methodology has sufficient sensitivity and selectivity to

detect CRP levels across the entire pathophysiological range

for this protein in saliva samples. These findings, along

with prior indirect associations between periodontal disease

occurrence and heart disease, suggest that this new methodo-

logy may in the future facilitate further studies on the

association between oral inflammatory biomarkers and

systemic conditions. Larger scale studies are now in progress

to further evaluate these initial findings that suggest salivary

CRP is associated with periodontal disease. The expansion of

the ETC lab-on-a-chip sensor methodologies to other impor-

tant inflammatory markers, as well as the evaluation of the

partitioning of these protein biomarkers in various bodily

fluids is currently in progress.
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Fig. 8 A series of confocal images are obtained for y280 mm agarose

beads following a typical ETC-based assay for CRP completed in

PBS or serum. Shown here are the median slices of each bead (a and b)

and their corresponding fluorescence intensity topomaps (c and d,

respectively) demonstrating the capture dynamics of the CRP analyte

on the bead when the assay is performed in PBS (a and c) and serum

(b and d) matrices.
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