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Abstract
Detection and accurate quantitation of biomarkers such as alpha-fetoprotein (AFP) can be a key
aspect of early stage cancer diagnosis. Microfluidic devices provide attractive analysis capabilities,
including low sample and reagent consumption, as well as short assay times. However, to date
microfluidic analyzers have relied exclusively on calibration curves for sample quantitation, which
can be problematic for complex mixtures such as human serum. We have fabricated integrated
polymer microfluidic systems that can quantitatively determine fluorescently labeled AFP in human
serum, using either the method of standard addition or a calibration curve. Our microdevices couple
an immunoaffinity purification step with rapid microchip electrophoresis separation with laser-
induced fluorescence detection system, all under automated voltage control in a miniaturized polymer
microchip. In conjunction with laser-induced fluorescence detection, these systems can quantify AFP
at ~1 ng/mL levels in ~10 µL of human serum in a few tens of minutes. Our polymer microdevices
have been applied in determining AFP in spiked serum samples. These integrated microsystems offer
excellent potential for rapid, simple and accurate biomarker quantitation in a point-of-care setting.

The two most widely used quantitation tools in traditional analytical chemistry are the
calibration curve and the method of standard addition.1 Micromachined devices for chemical
analysis2, 3 that integrate multiple processes,4 reduce sample and reagent consumption,5 and
decrease analysis time6, 7 and instrument footprint,8, 9 are becoming an attractive alternative
to classical separation-based analysis approaches. Although calibration curves have been used
in microchip-based chemical analysis,10, 11 the method of standard addition, which is
especially desirable for addressing matrix effects in complex samples1 such as blood, has seen
extremely limited use. Very recently, a serial dilution microfluidic device was applied in
standard addition quantitation of mM concentrations of Fe(CN)6

4−, a model analyte, although
the aqueous KCl solution was not one for which matrix effects were anticipated.12

Alpha-fetoprotein (AFP) is a diagnostic biomarker for Hepatocellular carcinoma (HCC),13
with a reported specificity of 65% to 94%.14 In general, patients with an elevated serum AFP
concentration have a higher risk for HCC. Currently, enzyme linked immunosorbent assay
(ELISA) is used in the clinical analysis of AFP in human serum.15 With trained personnel,
ELISA can provide reliable results, although the multi-hour assay times and microplate format
make ELISA best suited for clinical, rather than point-of-care (POC) diagnostics. In contrast,
rapid analysis6, 7 and the ability to combine multiple processing steps4, 16 on a single device
make a microfluidic-based approach very attractive for POC AFP analysis. The analysis and
separation of AFP in spiked buffer solutions in a microdevice platform have been reported,
17–19 and chip-based microfluidic assay systems for other analytes have been developed for
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saliva10 and blood samples.11, 20, 21 However, only calibration curve quantitation has been
explored.

Our work relies on microfluidic immunoaffinity extraction, which is illustrated in Fig. 1.
Antibodies are immobilized on a patterned section of a microchannel surface to form an affinity
column. When a sample flows through the column, only antigen will be retained based on
antibody-antigen interaction, while non-target material will pass through the column to waste.
This approach has been shown to capture target proteins from buffer solutions22 in a
microdevice, but the ability to work with complex specimens such as blood, and integrate
capture with separation23 has not been shown.

Here, we demonstrate an integrated microfluidic system capable of performing quantitative
determination of AFP, a biomarker for liver cancer,24 in human serum, using both the method
of standard addition and a calibration curve. Our approach utilizes an immunoaffinity
purification step coupled with rapid microchip electrophoresis separation, all under voltage
control, in a miniaturized polymer microchip. These systems with laser-induced fluorescence
(LIF) detection can quantify AFP at ~1 ng/mL levels in ~10 µL of human serum in a few tens
of minutes, offering exciting potential for POC applications.

EXPERIMENTAL SECTION
Affinity column formation

A prepolymer mixture containing glycidyl methacrylate as the functional monomer, poly
(ethylene glycol) diacrylate (575 Da average molecular weight) as the crosslinker, and 2,2-
dimethoxy-2-phenylacetophenone as the photoinitiator was prepared. Before polymerization,
the mixture was sonicated in a water bath for 1 min, followed by nitrogen purging for 3 min
to remove dissolved oxygen. The degassed mixture (10 µL) was pipetted into reservoir G (Fig.
2a), filling the microchannel via capillary action. Next, vacuum was applied to reservoir G to
remove most of the monomer solution, leaving a coating of the prepolymer mixture on the
channel walls. The microchip was covered with an aluminum photomask with a 4×4 mm2

opening to provide spatial control of polymerization. The microchip was then placed on a
copper plate in an icebath, and exposed to UV light (200 mW/cm2) in the wavelength range
of 320–390 nm for 5 min (cooling helped minimize undesired thermal polymerization). Finally,
any unpolymerized material was removed by flushing 2-propanol through the microchannels
using a syringe pump.

Fluorescently tagged sample preparation
A 3-mL aliquot of fresh human blood was obtained from a healthy volunteer in a 4-mL
Vacutainer tube (BD) at the Brigham Young University Student Health Center. The blood
sample was centrifuged at 5,000 rpm (Eppendorf 5415C) for 10 min to separate the serum from
whole blood. FITC and Alexa Fluor 488 TFP Ester (Invitrogen) were used to label amino acids,
proteins, and serum samples using protocols provided by Invitrogen (MP 00143). Briefly, 0.1
mg fluorescent dye was dissolved in 10 µL DMSO. For amino acid or protein standards, a 5-
µL aliquot of this DMSO solution was immediately mixed with 0.2 mL of sample (1 mg/mL)
in 10 mM carbonate buffer (pH 9.0). For serum samples, a 2-µL aliquot of DMSO solution
with dissolved dye was mixed directly with 98 µL of human serum. The mixture was incubated
in the dark at room temperature for 24 h (FITC) or 15 min (Alexa Fluor 488). In direct labeling
of complex biological specimens, it is essential to have excess dye to ensure complete labeling.

Data analysis
The calculation of AFP concentration was based on the peak heights in the electropherograms
both for calibration curve and standard addition methods. For the calibration curve, the AFP
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peak height from each standard electropherogram was plotted against the AFP standard
concentration to generate a linear calibration curve by the method of least squares. The AFP
concentration in the sample was obtained from the electropherogram peak height and the
calibration curve. The standard addition method, which effectively eliminates matrix effects,
1 was also used to analyze the AFP samples. Indeed, our protocol of loading sample plus
standard on the affinity column is microfluidically equivalent to spiking standards into a sample
in a classical standard addition analysis. Peak heights from the electropherograms of the
unknown sample, as well as those of the sample plus added standard, were plotted vs.
concentration of added standard. The slope and intercept of this line were calculated by least
squares analysis, and the unknown AFP concentration was given by the intercept divided by
the slope.1 Standard deviations were calculated from the regression data.

RESULTS AND DISCUSSION
We used a photo-defined immunoaffinity column in a polymeric microdevice to extract AFP
from blood serum. Retained AFP was eluted through an injection cross and rapidly analyzed
by microchip electrophoresis. To quantify the serum AFP concentration precisely, both
standard addition and calibration curve functions were integrated into the chip. Importantly,
all fluid control on-chip was carried out via voltages applied to reservoirs, facilitating
automation. The fabrication protocol for poly(methyl methacrylate) (PMMA) microdevices,
which entailed hot embossing and thermal annealing, was adapted from our previous work.
23, 25 The layout of our integrated AFP analysis microchip is shown in Fig. 2a, and a device
photograph can be seen in Fig. 2b. PMMA itself is relatively inert toward direct chemical
reaction, which necessitates making a photo-defined polymer on the microchannel surface to
immobilize antibodies. The thickness of the reactive polymer formed on the channel surface
was ~3 µm. To provide analyte specificity, reactive polymer coated microchannels were
derivatized with monoclonal anti-AFP according to our previously described procedure.23

To quantify the AFP concentration in serum samples, both calibration curve and standard
addition methods were used to validate the accuracy and precision of microchip performance.
The voltage configurations and flow paths during operation of the microchip (described below)
are shown in Fig. 3. For the calibration curve, each AFP standard solution was loaded on the
affinity column for 5 min by applying voltage between either reservoir D, E, or F and reservoir
H; the column was rinsed with PBS buffer for 5 min by applying a potential between reservoirs
B and H; analyte was eluted/injected with a voltage applied to reservoir J while grounding
reservoirs C and G for 45 s using phosphoric acid/dihydrogen phosphate solution at pH 2.1;
and then loaded material was separated by microchip electrophoresis using a potential between
reservoirs I and L. The sample was analyzed by loading on the affinity column for 5 min with
voltage applied between reservoirs A and H, and then rinsing, elution/injection and separation
were done the same as with the standards. For the standard addition method, after loading
sample on the affinity column for 5 min as above, one standard was loaded on the affinity
column for 5 min as before, followed by rinsing, elution/injection and microchip
electrophoresis separation, the same as for the calibration curve. This process was then repeated
for each standard. LIF was used to detect the labeled AFP during microchip electrophoresis.
26 We note that miniaturized (shoebox size) LIF systems for microchip electrophoresis have
been made,27 indicating their suitability for POC assays.

We characterized the loading, rinsing, and elution profile of fluorescein-5-isothiocyanate
(FITC) labeled AFP flowing out from an anti-AFP column. A fluorescence video image
(Movie.wmv, Supporting Information) taken after the end of the affinity column shows the
retention, rinsing, and elution steps for FITC-AFP.
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To demonstrate the integration of immunoaffinity extraction with microchip electrophoresis
on a microdevice, a mixture of non-target fluorescent compounds along with FITC-AFP was
loaded through an affinity column and then analyzed. Five peaks were observed before
extraction, as shown in Fig. S1a; we note that FITC-BSA and FITC-AFP have similar elution
times, and are not baseline resolved in the electropherogram. Contrastingly, after on-chip
affinity purification (Fig. S1b), all non-target peaks are essentially eliminated, while only the
AFP peak remains. Importantly, similar device performance was observed with a much more
complex, fluorescently labeled human serum sample. Microchip electrophoresis of FITC-
tagged human serum (Fig. 4a) showed numerous overlapping peaks before extraction,
precluding facile AFP determination. On the other hand, after on-chip AFP extraction, a single,
clear peak corresponding to AFP was observed in microchip electrophoresis (Fig. 4b). The
integrated immunoaffinity extraction step resulted in a ~5,000-fold reduction of non-target
protein signal, and enabled detection of the AFP “needle” in the serum “haystack”. We estimate
that the AFP sample is >95% pure after immunoaffinity extraction, based on target to spurious
peak ratios in the electropherograms in Figure 4–Figure 5. These results clearly indicate that
our approach can selectively purify target analytes from very complex mixtures. A typical
affinity column can perform well for at least a few tens of replicate runs.

FITC is a commonly used fluorescent dye for labeling amine-containing compounds such as
proteins; however, the room-temperature reaction kinetics (~24 h), make this label less
desirable for POC work. On the other hand, we found that Alexa Fluor 488 TFP Ester
(Invitrogen) completely labeled AFP in ~30 min (Fig. S2 and Table S1), making this dye very
well suited for POC work. In addition, for some microchip bioassays, sample and standards
share the same reservoir,10, 28 requiring a cleaning step during analysis, which hampers the
ability to automate for POC assays. In our design, sample and standard reservoirs are integrated
on the microdevices. Finally, although previous systems have only used calibration curves to
quantify biomarkers,10, 11 our format enables both standard addition and calibration curve
protocols to be performed on-chip.

We used our integrated microdevices to quantify AFP concentration in human serum using
either a linear calibration curve (Fig. 5a, 5c) or the standard addition method (Fig. 5b, 5d). Both
approaches yielded reproducible microchip electrophoresis data (Fig. 5a, 5b) with
concentration-dependent peak heights (Fig. 5c, 5d). AFP concentrations and standard
deviations determined both by calibration curve (4.1±0.9 ng/mL) and standard addition
methods (4.6±0.9 ng/mL) were internally consistent. To further evaluate our approach,
different amounts of AFP were spiked into human serum, and these samples were then labeled
with Alexa Fluor 488 TFP Ester. In either calibration curve or standard addition protocols, the
standard concentration should be close to the sample concentration for optimal accuracy and
precision. However, in POC screening the AFP concentration is initially unknown. Because
the action threshold for serum AFP is 20 ng/mL,15, 29 we set the standard concentrations to
5, 10 and 20 ng/mL in our protocol for optimal precision in the diagnostic range. The AFP
concentrations measured in our microdevices using both calibration curve and standard
addition methods were compared with values measured by a commercial ELISA kit (Fig. 6).
In general, both calibration curve and standard addition results matched ELISA results well
(Fig. 6 and Table 1). Because the AFP standard concentrations were optimized for the 20 ng/
mL diagnostic threshold, higher AFP concentrations (>50 ng/mL) had lower accuracy and
precision; however, a POC assay that reports a concentration well above the action level would
require more thorough subsequent clinical analysis.

Although our microdevices have been designed for AFP analysis, this approach is not limited
to just AFP. These microchips could be easily adapted for detection of other biomarkers by
simply immobilizing different antibodies in the affinity column. Moreover, it should be
possible to attach multiple antibodies targeting different analytes to the same column, allowing
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multiplexed, simultaneous biomarker detection. Our system shows great promise for rapid
quantitation of biomarkers in a POC setting, which should be of considerable value in early
stage disease diagnosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Dr. Daniel Eves for valuable discussions; we are also grateful to Chad Rogers and Dr. Daniel Eves for
technical editing. This work was supported by a Presidential Early Career Award for Scientists and Engineers through
the National Institutes of Health (R01 EB006124).

REFERENCES
1. Skoog, DA.; Holler, FJ.; Crouch, SR., editors. Principles of Instrumental Analysis. Vol. 6th Ed.

Belmont: Thomson/Brooks Cole; 2007.
2. DeMello AJ. Nature 2006;442:394–402. [PubMed: 16871207]
3. Wheeler AR. Science 2008;322:539–540. [PubMed: 18948529]
4. Toriello NM, Liu CN, Blazej RG, Thaitrong N, Mathies RA. Anal. Chem 2007 79;:8549–8556.

[PubMed: 17929900]
5. Murphy BM, He X, Dandy D, Henry CS. Anal. Chem 2008;80:444–450. [PubMed: 18092765]
6. Jacobson SC, Culbertson CT, Daler JE, Ramsey JM. Anal. Chem 1998;70:3476–3480.
7. McClain MA, Culbertson CT, Jacobson SC, Allbritton NL, Sims CE, Ramsey JM. Anal. Chem

2003;75:5646–5655. [PubMed: 14588001]
8. Blazej RG, Kumaresan P, Mathies RA. Proc. Natl. Acad. Sci. U S A 2006;103:7240–7245. [PubMed:

16648246]
9. Kumaresan P, Yang CJ, Cronier SA, Blazej RG, Mathies RA. Anal. Chem 2008;80:3522–3529.

[PubMed: 18410131]
10. Herr AE, Hatch AV, Throckmorton DJ, Tran HM, Brennan JS, Giannobile WV, Singh AK. Proc.

Natl. Acad. Sci. U S A 2007;104:5268–5273. [PubMed: 17374724]
11. Fan R, Vermesh O, Srivastava A, Yen BK, Qin L, Ahmad H, Kwong GA, Liu CC, Gould J, Hood L,

Heath JR. Nat. Biotechnol 2008;26:1373–1378. [PubMed: 19029914]
12. Stephan K, Pittet P, Sigaud M, Renaud L, Vittori O, Morin P, Ouaini N, Ferrigno R. Analyst

2009;134:472–477. [PubMed: 19238282]
13. Wright LM, Kreikemeier JT, Fimmel CJ. Cancer Detect. Prev 2007;31:35–44. [PubMed: 17293059]
14. Zinkin NT, Grall F, Bhaskar K, Otu HH, Spentzos D, Kalmowitz B, Wells M, Guerrero M, Asara

JM, Libermann TA, Afdhal NH. Clin. Cancer Res 2008;14:470–477. [PubMed: 18223221]
15. Debruyne EN, Delanghe JR. Clin. Chim. Acta 2008;395:19–26. [PubMed: 18538135]
16. Wen J, Guillo C, Ferrance JP, Landers JP. Anal. Chem 2007;79:6135–6142. [PubMed: 17622187]
17. Kawabata T, Watanabe M, Nakamura K, Satomura S. Anal. Chem 2005;77:5579–5582. [PubMed:

16131068]
18. Bharadwaj R, Park CC, Kazakova I, Xu H, Paschkewitz JS. Anal. Chem 2008;80:129–134. [PubMed:

18044846]
19. Kawabata T, Wada HG, Watanabe M, Satomura S. Electrophoresis 2008;29:1399–1406. [PubMed:

18384019]
20. Wen J, Guillo C, Ferrance JP, Landers JP. J. Chromatogr. A 2007;1171:29–36. [PubMed: 17935724]
21. Peoples MC, Karnes HT. Anal. Chem 2008;80:3853–3858. [PubMed: 18399643]
22. Dodge A, Fluri K, Verpoorte E, de Rooij NF. Anal. Chem 2001;73:3400–3409. [PubMed: 11476241]
23. Sun X, Yang W, Pan T, Woolley AT. Anal. Chem 2008;80:5126–5130. [PubMed: 18479142]
24. Sterling RK, Jeffers L, Gordon F, Sherman M, Venook AP, Reddy KR, Satomura S, Schwartz ME.

Am. J. Gastroenterol 2007;102:2196–2205. [PubMed: 17617202]

Yang et al. Page 5

Anal Chem. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Yang W, Sun X, Pan T, Woolley AT. Electrophoresis 2008;29:3429–3435. [PubMed: 18702050]
26. Kelly RT, Woolley AT. Anal. Chem 2003;75:1941–1945. [PubMed: 12713054]
27. Lagally ET, Scherer JR, Blazej RG, Toriello NM, Diep BA, Ramchandani M, Sensabaugh GF, Riley

LW, Mathies RA. Anal. Chem 2004;76:3162–3170. [PubMed: 15167797]
28. Tsukagoshi K, Jinno N, Nakajima R. Anal. Chem 2005;77:1684–1688. [PubMed: 15762572]
29. Trevisani F, D'Intino PE, Morselli-Labate AM, Mazzella G, Accogli E, Caraceni P, Domenicali M,

De Notariis S, Roda E, Bernardi M. J. Hepatol 2001;34:570–575. [PubMed: 11394657]

Yang et al. Page 6

Anal Chem. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Immunoaffinity extraction overview.
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Figure 2.
Layout of an integrated AFP analysis microchip. (a) Diagram and (b) photograph of a
microfluidic device with integrated affinity column. Reservoir labels are A: sample, B: rinse
buffer, C: elution solution, D: 5 ng/mL AFP standard solution, E: 10 ng/mL AFP standard
solution, F: 20 ng/mL AFP standard solution, G: 5 mM NaOH (to neutralize the acidic elution
solution during injection), H: waste, and I–L: electrophoresis buffer. Scale bar in (b) is 1 cm.
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Figure 3.
Schematic diagram of operation of the microchip with integrated affinity column. (a) Sample
loading, (b) standard loading, (c) rinsing, (d) injection, and (e) separation.
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Figure 4.
FITC-labeled human serum, run by microchip electrophoresis (a) before and (b) after integrated
affinity column extraction.
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Figure 5.
Integrated calibration curve and standard addition quantification of AFP in human serum. (a)
Microchip electrophoresis of Alexa Fluor 488 labeled human serum and of AFP standard
solutions after affinity column extraction. Curves are: black—unknown human serum sample,
red—5 ng/mL standard AFP, green—10 ng/mL standard AFP, and blue—20 ng/mL standard
AFP. (b) Microchip electrophoresis of Alexa Fluor 488 labeled human serum after standard
addition and affinity column extraction. Traces are: black—sample, red—sample+5 ng/mL
standard AFP, green—sample+10 ng/mL standard AFP, and blue—sample+20 ng/mL standard
AFP. (c) Calibration curve generated from (a), with unknown sample data point indicated with
a star. (d) Standard addition plot of concentration of standard added vs. peak height generated
from (b).
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Figure 6.
Accuracy and precision data for integrated microfluidic AFP assay. Red: spiked concentration,
green: measured by ELISA (United Biotech, Mountain View, CA), blue: measured by
calibration curve, and light blue: measured by standard addition. Error bars indicate ± one
standard deviation.
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Table 1

Results from the integrated microfluidic AFP assay (the number that follows the ± sign is the standard deviation).

Spiked AFP
(ng/mL)

ELISA
(ng/mL)

Calibration curve
(ng/mL)

Standard Addition
(ng/mL)

unknown 1 250 110.4±2.7 126±6.8 198±41

unknown 2 100 55±2.1 52±1.1 64±8.8

unknown 3 0 2.8±2.0 4.1±0.9 4.6±0.9

unknown 4 750 323.6±6.7 313±41 1050±520

unknown 5 50 49.3±2.0 29.4±0.1 33.2±2.7

unknown 6 300 205.1±4.3 165±25 169±82

Anal Chem. Author manuscript; available in PMC 2010 October 1.


