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Abstract We report on a novel technique to develop an optical immunosensor based on fluorescence resonance energy transfer (FRET). IgG antibodies were labeled with acceptor fluorophores while one of three carrier molecules (protein A, protein G, or F(ab?)2 fragment) was labeled with donor fluorophores. The carrier molecule was incubated with the antibody to allow specific binding to the Fc portion. The labeled antibody /protein complex was then exposed to specific and nonspecific antigens, and experiments were designed to determine the ‘in solution’ response. The paper reports the results of three different donor /acceptor FRET pairs, fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate, Texas Red/Cy5, and Alexa Fluor 546/Alexa Fluor 594. The effects of the fluorophore to protein conjugation ratio (F/P ratio) and acceptor to donor fluorophore ratios between the antibody and protein (A/D ratio) were examined. In the presence of specific antigens, the antibodies underwent a conformational change, resulting in an energy transfer from the donor to the acceptor fluorophore as measured by a change in fluorescence. The non-specific antigens elicited little or no changes. The Alexa Fluor FRET pair demonstrated the largest change in fluorescence, resulting in a 35% change. The F/P and A/D ratio will affect the efficiency of energy transfer, but there exists a suitable range of A/D and F/P ratios for the FRET pairs. The feasibility of the FRET immunosensor technique was established; however, it will be necessary to immobilize the complexes onto optical substrates so that consistent trends can be obtained that would allow calibration plots. # 2003 Elsevier B.V. All rights reserved. Keywords: FRET; Biosensor; Antibody; Fluorophores



1. Introduction Biosensors take advantage of the inherent sensitivity and specificity of biological entities and fuse it with the processing power of microelectronics. In particular, immunosensors allow direct monitoring of biomolecular recognition processes such as the antibody antigen interactions. However, commercial success of biosensor development has yet to be realized. This has been due, in part, to expensive detection equipment, time consuming sample amplification (incubation), and/or significant multi-step sample preparation (filtering, chemical processing, cell lysing, washing, etc.) (Lie and Petropoulos, 1998). A search of recent literature has revealed the development of a variety of immunosensors (Pearson et al.,
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1998; Liu et al., 2000; Helmerson et al., 2001; Fung and Wong, 2001). A popular technique is competitive (direct) immunoassay and sandwich (non-competitive) immunoassays or modifications thereof. These methods have proven to be simpler and less expensive (Kumar et al., 1994; Papkovsky et al., 1999; Wadkinst et al., 1998; Pickering et al., 2002). For example, nanoparticles have been utilized to develop a latex enhanced sandwich assay (Kubitschko et al., 1997). The improved immunosensor assay detected thyroid stimulating hormone with detection limits comparable to conventional ELISA techniques; however, multiple steps were still required to achieve the necessary sensitivity. New immunometric forms of immunoassay are much more flexible to use than conventional competitive immunoassays for small molecular analytes (Barzen et al., 2002; Petrou et al., 2002; He and Zhang, 2002). For example, methods to wash the capture antibody after it has been exposed to analyte but before addition of the labeled reagent are showing promise (Winger et al.,
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1996; Kobayashi et al., 2000). This simple manoeuvre has increased the specificity. Specificity has also been increased through the utilization of a multiple binding assay approach, in which the end results reflect the analyte binding to two different primary capture antibodies (Self et al., 1996). Using a monoclonal antibody labeled with digoxin, and a separate monoclonal antibody that recognizes the complex of an antibody and analyte (but neither antibody nor analyte alone), an assay in which analyte and labeled anti-complex antibody are exposed simultaneously to the primary, analyte capture antibody, have been developed. Although high specificity can be achieved, these assays are subjected to multiple steps that render the techniques unsuitable for implantable sensor designs. With the goal of developing implantable biosensors, we are developing an immunosensor technique that eliminates the multi-step approaches plaguing existing biosensor systems. Utilizing the principle of a chemical transduction method known as fluorescence resonant energy transfer, or FRET, the sensor can detect the antigen binding in a single step. Sensors utilizing FRET switch their fluorescence wavelength between donor and acceptor fluorophores as distance between the two fluorophores change. This distance change is a result of the conformational changes in the 3D structure of an antibody as it binds to the target antigen (Roitt and Delves, 2001). Fluorescent switching using the FRET process requires a fluorophore termed the donor and a separate fluorophore termed the acceptor. The acceptor fluorophore must have an excitation that spectrally overlaps the donor’s emission spectrum but not the donor’s excitation band (Lakowicz, 1999; Wu and Brand, ˚ , known as 1994). When in close proximity ( B/100 A the Fo¨rsters distance) the donor absorbs energy from the excitation source (l0), nonradiatively transfers the energy to the acceptor, which in turn emits a fluorescent photon (l2). When separated by more than the Fo¨rsters distance, the fluorescence will be at the emission wavelength of the donor (l1), with little or no fluorescence at the emission wavelength of the acceptor (l2).



The concept is shown in Fig. 1. Protein A is conjugated to the acceptor fluorophore. It is derived from the Cowan strain of Staphylococcus aureus and is capable of specifically binding with the Fc fragment of the IgG antibodies without interfering with the antibody’s ability to bind the antigen. This property permits the formation of tertiary structures consisting of protein A, antibody and antigen. Protein G from Streptococcus strain G148 and AffiniPure F(ab?)2 fragment of Goat anti-Mouse IgG, Fcg fragment specific will also bind to the Fc portion of mouse antibody molecules. FRET activity using this protein as a carrier for the acceptor fluorophore is possible. Utilizing an antibody conjugated to a donor fluorophore and a protein conjugated to an acceptor fluorophore, it is possible to develop a novel immunosensor technique. This paper examines different FRET fluorophore pairs and determines the optimal F/P ratios and A/D ratios in order to specifically detect the presence of an antigen in a single step process.



2. Materials and methods 2.1. The FRET proteins Texas Red fluorophores were purchased from Jackson ImmunoResearch (West Grove, PA) already conjugated to AffiniPure Mouse anti-Human IgG (H/L) (minimal cross reactivity to bovine, horse and mouse serum proteins). Fluorophore Cy5 conjugated to AffiniPure F(ab?)2 fragment of Goat anti-Mouse IgG, (Fcg fragment specific with minimal cross reactivity with human, bovine, and horse serum proteins) was also purchased from Jackson ImmunoResearch. Fluorescein isothiocyanate (FITC) conjugated to AffiniPure Mouse anti-Human IgG (H/L) (minimal cross reactivity to bovine, horse and mouse serum proteins) was purchased from Jackson ImmunoResearch. Tetramethylrhodamine isothiocyanate (TRITC) conjugated to protein A was obtained from Sigma (USA) along with phosphate buffered saline (PBS). Unconjugated protein A, for labeling with the Alexa Fluor 594 dye, was also purchased from Sigma. Alexa Fluor 546 Goat anti Human IgG (H/L), Alexa Fluor 594, and protein labeling kits were purchased from Molecular Probes (Eugene, OR). 2.2. FRET protein antigens



Fig. 1. A schematic demonstrating the FRET concepts due to conformational changes of the antibody upon the binding of the antigen.



ChromPure Human IgG (Hu IgG) whole molecule was utilized as the specific antigen and AffiniPure Donkey anti Mouse IgG (H/L) with minimal cross reactivity to bovine, chicken, goat, guinea pig, syrian hamster, horse, human, rabbit and sheep serum proteins was utilized as the nonspecific antigen. Both were
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purchased from Jackson ImmunoResearch. Bovine plasma gamma globulin (Bov IgG) was also utilized as a nonspecific antigen and was purchased from Bio-Rad (Hercules, CA, USA). 2.3. Conjugation of fluorophores to proteins The FRET fluorophore pairs of FITC/TRITC, Texas Red/Cy5, and Alexa Fluor 546/Alexa Fluor 594 were conjugated to the antibodies and proteins. When available, the protein/antibodies were purchased already conjugated from a supplier as noted above. However, when not available, the fluorophores were conjugated using standard protocols (Hermanson, 1996). Using these protocols, FITC was conjugated to the antibody while TRITC was conjugated to protein A. Alexa Fluor 594 was conjugated to protein A and G using a procedure modified from Molecular Probes labeling kits. 2.4. Determination of F/P ratio



Amax  dilution factor o dye  [M]



ratio were performed. Various concentration ratios of labeled-IgG and labeled-protein A (or protein G, or F(ab?)2 fragments) were co-incubated overnight at 4 8C and then scanned using the spectrofluorometer, Jasco FP-750. The optimal ratios were determined by examining the donor and acceptor emission peaks. As an example of A/D ratio determination for the FITC/ TRITC pair, Mouse anti Human IgG-FITC was varied from 0.1 to 1.5 mg while protein A/TRITC remained at 0.5 mg. The A/D ratio varied from 27.3 to 1.82. Each aliquot, examining a different A/D ratio, was incubated overnight at 4 8C in the dark, then diluted with 3 ml of PBS and scanned with the spectrofluorometer set at the excitation wavelength of the donor (494 nm for FITC). For all FRET pairs examined, the A/D ratio was determined similarly to FITC/TRITC but the excitation wavelength was changed to excite each donor appropriately.



2.6. In-solution detection of antigen with the labeled antibody/protein complex



The F/P ratio was determined for each fluorophore/ protein conjugation. The F/P ratio is a measure of the degree of labeling after conjugating the fluorophores to the protein of choice and is defined as the number of fluorophore molecules per molecule of protein. The F/P ratio was determined utilizing known extinction coefficients for the fluorophores and Eq. (1) F=P 
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(1)



where Amax is the absorbance at the maximum peak of the fluorophore used in conjugation, and odye is the extinction coefficient at lmax in cm 1 M1, and [M] is the molarity of the protein. The F/P ratio was either provided by the manufacturer or determined using Eq. (1). 2.5. Determination of the optimal acceptor to donor fluorophore (A/D) ratio The A/D ratio was derived from the number of labeled antibody molecules incubated with the number of labeled protein A molecules (or protein G or F(ab?)2 molecules) and the F/P ratio. Therefore the A/D ratio can be defined as the number of acceptor fluorophores to donor fluorophores in an antibody /protein complex. Determining the optimal A/D ratio is critical for successful energy transfer. Too little or too much of either fluorophore can produce non-detectable signals due to self-quenching and/or insufficient energy transfer. For each fluorophore pair, FITC/TRITC, Texas Red/ Cy5, and Alexa Fluor 546/Alexa Fluor 594, experiments to determine the optimal acceptor to donor fluorophore



A/D ratios that showed acceptable energy transfer were utilized to determine if the ‘in solution’ FRET technique can specifically distinguish the presence of specific and nonspecific antigens. The acceptable concentrations of protein /fluorophore and IgG /fluorophore were combined in a 1.5 ml microcentrifuge tube, mixed, and centrifuge briefly. The solution was incubated overnight at 4 8C in the dark. Each dose (50 ml) was then carefully aliquoted into nine 0.5-ml microcentrifuge tubes. Three different concentrations of antigento-antibody were tested that had a 1:1, 1:10, and 1:100 mole-to-mole ratios. For each ratio of antigen-to-antibody, three doses were needed: one control (without antigen) sample, one specific antigen sample, and one nonspecific antigen sample. To each of the control microcentrifuge tubes, PBS was added, while specific antigen and non-specific antigen were added to the remaining tubes. The final volume in each microcentrifuge tube was 100 ml and was kept constant for all antigen to antibody experiments. The molarity of the antigen in the assay was calculated from the 100-ml sample volume. After addition of the antigens to the labeled antibody /protein complex, the solutions were incubated for 1 h at room temperature. After incubation, each sample was diluted with PBS to 1 ml to fill a microcuvette prior to scanning with the spectrofluorimeter. The excitation wavelength was set according to the donor fluorophore present in the experiment: 494 nm for FITC/TRITC, 546 nm for Alexa Fluor 546/ Alexa Fluor 594 and 596 nm for Texas Red/ Cy5. The change in fluorescence of the donor and acceptor fluorophores was recorded.
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3. Results 3.1. Determining F/P ratio Table 1 displays the F/P ratios for each of the proteins/antibodies conjugated to the fluorophores. The F/P ratios ranged from 0.48 to 6.1. Currently, the conjugation location of the fluorophores to the antibodies is random. A random number of fluorophore molecules will bind to the Fc region as well as near the Fab region, which is the preferred site. Labeled antibodies with a high F/P ratio have a higher probability that the Fc region will be labeled with many fluorophores, which would initiate a premature energy transfer when combined with the carrier protein /fluorophore and contribute to a significant background signal. On the other hand, a low F/P ratio may result in a corresponding low background but the signal may be nondetectable due to low energy transfer and nonoptimal location of the fluorophores after conjugation.



Fig. 2. Determination of the acceptor to donor ratio for optimal fluorescent resonance energy transfer between Mouse anti Human IgG-FITC and protein A-TRITC. The amount of protein A-TRITC is the same in all four scans (0.5 mg or 62/10 12 moles of TRITC) and the Mouse anti Human IgG-FITC is decreased (increasing the A/D ratio). Acceptable A/D ratio is between 5 and 10 for this protein pair complex.



3.2. Acceptor to donor ratio determination The A/D ratios were calculated from the F/P ratios and the amount of proteins present in solution. Fig. 2 shows example spectra of FITC/TRITC with various A/ D ratios. An A/D ratio of 27.3 resulted in little donor fluorescence while an A/D of 1.82 resulted in overwhelming donor fluorescence. A/D ratios that displayed a donor peak that does not overwhelm the acceptor peak while still having higher signals compared to the acceptor peak were deemed acceptable. An acceptable A/D ratio range was determined to be between 5 and 10 for the FITC and TRITC pair. Ideally, the acceptor fluorophore should not have any emission without the presence of specific antigen, but given the random conjugation of the fluorophores, some background FRET activity occurs when the labeled antibody and protein A combine. When examining the acceptable A/D ratios for Alexa Fluor 546-Goat anti Human IgG and Alexa Fluor 594protein G, the amount of donor fluorophore needed was greater, as shown in Fig. 3, than what was needed for the Alexa Fluor 594-protein A as shown in Fig. 4. Both



Fig. 3. Determination of the acceptor to donor ratio for optimal fluorescent resonance energy transfer between Alexa Fluor 594 and Alexa Fluor 546. Scans contain the following: 0.75 mg Alexa Fluor 594protein G with 3.0 mg (A/D/0.5), 1.5 mg (A/D/1.0), 0.76 mg (A/D/ 2.0) of Alexa Fluor 546 conjugated Goat anti Human IgG.



Table 1 F/P values of conjugated proteins and antibodies Conjugated protein



F/P value



Cy5 F(ab?)2 fragment Goat anti-Mouse IgG Fcg specific Texas Red Mouse anti Human IgG Alexa Fluor 594-protein A Alexa Fluor 546-Goat anti Human IgG FITC Mouse anti Human IgG TRITC protein A Alexa Fluor 594-protein G



2.9 0.48 4.0 6.1 3.4 5.2 3.9



Fig. 4. Determination of the acceptor to donor ratio for optimal fluorescent resonance energy transfer between Alexa Fluor 594 and Alexa Fluor 546. A/D ratio contain the following: 0.5 mg of Alexa Fluor 594-protein A with 0.5 mg (A/D/2.18), 0.25 mg (A/D/4.37), 0.125 mg (A/D/8.74) and 0.063 mg (A/D/17.47) of Alexa Fluor 546Goat anti Human IgG.
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protein A and protein G had similar F/P ratios, but the binding affinity between Goat IgG and protein G is stronger than Goat IgG and protein A which may account for the lower A/D ratios for protein G (http:// www.probes.com/handbook/tables/0408.html). The Alexa Fluor 546-Goat anti Human IgG and Alexa Fluor 594-protein A was further tested at a A/D ratio of 2.0 while the Alexa Fluor 546-Goat anti Human IgG and Alexa Fluor 594-protein G was tested at A/D ratios of 0.227, 0.28 and 0.34. For Cy5 and Texas Red, the A/D ratios are shown in Fig. 5. Since the F/P ratio for Texas Red was low (0.48) and the fact that F(ab?)2 can only bind a maximum of two molecules, the minimum A/D ratio possible was approximately 4.5. Experiments performed with lower ratios may not have FRET activity directly related to the binding of antigen due to some of the IgGs not combining with the labeled F(ab?)2 fragments.



3.3. In-solution detection of specific antigen with FRET protein pair complex The results of the ‘in solution’ FRET technique are displayed as the ratio of a ratio, which were calculated as followed for the Alexa Fluor fluorophore pair: R3



R2 R1



ratio of ratio used to determine change in FRET activity R2



¯  573 to 583 nm) I(l ¯  607 to 617 nm) I(l



calculated with specific or nonspecific antigen present R1



¯  573 to 583 nm) I(l ¯  607 to 617 nm) I(l



calculated without antigen present



where I(l/573 /583 nm) was the average fluorescence intensity of the donor fluorophore and I (l /607 /617 nm) was the fluorescence intensity of the acceptor



Fig. 5. Determination of the acceptor to donor ratio for optimal fluorescent resonance energy transfer between Cy5 and Texas Red. Scans contain the following: 1.0 mg of Cy5 conjugated F(ab?)2 fragment of Goat anti-Mouse IgG Fcg specific with 4.0 mg (A/D/ 2.2), 2.0 mg (A/D/4.5) and 1.0 mg (A/D/9.1) of Texas Red conjugated Mouse anti Human IgG.
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Table 2 Range (nm) of emission peaks used in calculating average intensity values of R 1, R 2 and R 3 for each fluorescent dye in all experiments Fluorescent dyes



Emission wavelength range (nm) used in calculating the average peak intensity values for determining R 1, R 2 and R 3



FITC TRITC Alexa Fluor 546 Alexa Fluor 594 Texas Red Cy5



515 /520 567 /572 573 /583 607 /617 615 /620 660 /665



fluorophore. Table 2 displays the fluorescence intensity ranges of the other fluorophore pairs. Fig. 6 displays the average R 3 values for the experiments utilizing Alexa Fluor dyes conjugated to the protein A /antibody complexes at an A/D ratio of 2. Once the specific antigen was introduced, a conformational change of the antibody occurred, reducing the distance between the fluorophores. The resulting structure enhanced the FRET activity, increasing the intensity of acceptor’s emission while reducing the intensity of the donor’s emission. By measuring the change of the donor and acceptor’s emission intensity in the form of a ratio, R 3, FRET activity was ascertained. R 3 was reduced in the presence of specific antigens in solution. Conversely, when the nonspecific antigen was introduced, there were minimal changes in fluorescence resulting in minimal changes in R 3. The Alexa Fluor pair imparted the greatest ratiometric change between specific and nonspecific antigen for all three FRET pairs tested. The 1:100 antigen to antibody ratio demonstrated an 8.7% change in R 3 values between the specific



Fig. 6. Average R 3 value (9/0.01 S.E. or less) of 2 /4 experiments using protein A-Alexa Fluor 594 and Goat anti Human IgG-Alexa Fluor 546 antibody (A/D/2). The amount of antigen to antibody either Human IgG (j, specific antigen) or Donkey IgG (I, nonspecific antigen) ranges from 1:1 to 1:100.
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and nonspecific antigen (P 5/0.02). This corresponds to a detection limit of 0.7 nM of antigen (or 10 ng of antigen). More concentrated solution of antigen gave a greater reduction of R 3 ratios; 33.4 and 35.4% for 6.7 nM (1:10) and 66.7 nM (1:1), respectively, (P 5/0.001 for both). As shown in Fig. 7, the FITC/TRITC FRET pair demonstrated the smallest percent change for the three FRET pairs tested. The A/D ratios, 10 and 7, were examined to determine if FRET activity was greatly affected by changes in fluorophore concentration ratio. The A/D ratio pair of seven demonstrated a significant response at the 1:1 mole ratio of antigen to antibody (P 5/0.036) and a significant response at the 1:10 mole ratio, but significant changes could not be detected at 1:100 mole ratio. For the A/D ratio pair of 10, the only significant change with the addition of antigen was in the 1:1 antigen to antibody group (P 5/0.036). At 1:10 and 1:100 there was no significant difference between specific antigen and nonspecific antigen (P ]/0.05). Fig. 8 displays a graph of the average R 3 values of 4 experiments using F(ab?)2 fragment of Goat anti-Mouse IgG Fc specific-Cy5 and mouse anti human IgG-Texas Red antibody. The A/D ratio was approximately 4. Theoretically, the Cy5 conjugated F(ab?)2 fragment can only bind with two antibodies, imparting a minimal A/D ratio of 4.5. Therefore in these experiments with an A/ D /4, some Texas Red IgG was not bound to an F(ab?)2 fragment but was freely floating in-solution. This would contribute to some loss of signal since unbound IgGs will not directly transfer energy to the acceptor (Cy5). As shown in Fig. 8, the response was significant at the 1:1 (363 nM) and 1:10 (36 nM) mole



Fig. 7. Average R 3 value (9/0.01 S.E. or less) of 5 experiments using protein A-TRITC and Mouse anti Human IgG-FITC antibody, A/ D/7 and A/D/10. The amount of antigen to antibody either Human IgG (j, specific) or Bovine IgG (I, nonspecific) ranges from 1:1 to 1:100.



Fig. 8. Average R 3 value of 4 experiments using F(ab?)2 fragment of Goat anti-Mouse IgG Fc specific-Cy5 and Mouse anti Human IgGTexas Red antibody (A/D/4). The amount of antigen to antibody of either Human IgG (j, specific antigen) or Bovine IgG (I, nonspecific antigen) ranges from 1:1 to 1:100 (for 1:19/0.03 S.E., 1:10 Specific9/ 0.01 S.E., Nonspecific9/0.03 S.E. and for 1:1009/0.01 S.E.).



ratios (P 5/0.001) but not for the 1:100 (P /0.048) since the N number is so small.



4. Discussion There are a number of factors that can contribute to the success or failure of detecting a change in fluorescence upon binding. These factors include: Fo¨rsters distances of the FRET pairs, binding ability of the protein A, G, or F(ab?)2, F/P ratios, and A/D ratios. Fo¨rsters distance is defined as the distance where the transfer of energy from the donor to acceptor is 50% efficient (Wu and Brand, 1994). Each FRET pair has its own Fo¨rsters distance as shown in Fig. 9. It was imperative that the Fo¨rsters distance for the FRET pairs corresponded to the approximate labeling distance between the fluorophore pair. Therefore any conformational movement upon binding can be detected along the linear range of the curve. Since each FRET pair had detectable fluorescence, the Fo¨rsters distances were sufficient, but not necessarily optimal. The Alexa Fluor pair demonstrated the greatest changes in energy ˚. transfer and had a Fo¨rsters distance of 66 A The binding ability of protein A, G, and Fcg fragment will influence the efficiency of energy transfer1. Protein A is capable of specifically binding with the Fc fragment of the IgG antibodies without interfering with the antibodies ability to bind the antigen. This property permits the formation of tertiary structures consisting of protein A, antibody and antigen; however, protein A has limited binding to a number of antibodies such as 1 http://www.probes.com/handbook/tables/0408.html, Binding profiles of protein A and protein G., [email protected].
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Fig. 9. Percent efficiency depending on the distance between fluorophores of FRET with the following pairs; FITC/TRITC, Alexa Fluor 546/594 and Texas Red/Cy5. Calculations from photochemcad using the following constants; n /1.4, orientation factor/0.66, and quantum yield/0.95 for all dye pairs. Calculations are from the program, photochemcad. Fo¨rster distance defined as distance where 50% efficiency of energy transfer occurs.



the IgG1 categories. Protein G binds with the Fc fragment of antibodies, but is also limited. To avoid utilizing protein A and protein G, F(ab?)2 fragments can be produced to be fragment specific which will allow binding to the Fc portion of particular antibody molecules. But when utilizing F(ab?)2 fragments, it is usually only possible to bind 1 /2 molecules of IgG per fragment, limiting the optimization of the A/D ratio. The A/D ratios were grossly optimized for each FRET pair and functional A/D ranges were determined. As shown in Fig. 2 over 5, the A/D ratio will influence the success of the energy transfer. In particular, the FITC/TRITC pair showed a different response for A/D ratios of 7 and 10. However there are a range of A/D ratios that provide efficient energy transfer. For example, acceptable A/D ratios for the Alexa Fluor pair were determined to be below 2.0. In subsequent antigen experiments, a range of A/D ratios from 0.227 to 0.34 was examined. To compare A/D ratios, the specific R 3 ratio was normalized for antigen concentration then compared. An F-test, a statistical calculation to determine variability between groups, was performed to examine the significance between 0.227, 0.28 and 0.34 A/D ratios. No significant differences in the response were demonstrated. The calculated results of the F-test were 5/1.0 which is less than Fcritial /4.07 indicating that none of the A/D ratios tried were significantly different from each other (P 5/0.05). Small F/P ratios can result in non-detectable signals. The influence of the F/P ratio is shown with the Texas Red fluorophore. The F/P ratio for Texas Red conjugated to mouse anti human IgG was low, only 0.48, limiting the amount of Texas Red fluorophore available for FRET activity. Low F/P values also limit the optimization of the A/D ratio. Conversely, a high F/P ratio can saturate the protein. Since the conjugation



procedure does not tag the fluorophore at a specific location that optimizes FRET, conjugates with higher F/P values are more likely to have fluorophores positioned along the Fc portion of the antibody, a position that would initiate premature energy transfer. Optimal F/P ranges exist and must be targeted in order to achieve detectable binding of the antibody to antigen.



5. Conclusion The feasibility of the FRET immunosensor technique was established, however, the in-solution tests did not demonstrate consistent trends that would allow calibration plots. For simplicity, the tests described were conducted in PBS solution that inherently caused an increase in background signal due to random chance interactions between free-floating receptors. The random interactions may be caused by Brownian motion, microthermal currents in the cuvette, and/or subtle differences in the path length of each cuvette. By immobilizing the antibody /protein complex on a substrate, random interactions will be minimized and the packing density can be controlled. The FRET pair, Alexa Fluor, showed the greatest change in ratio when the specific antigen combined with the antibody /protein complexes and will be investigated further.
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