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Abstract

Successful analysis of electrophoretic affinity assays depends strongly on the preservation of the 

affinity complex during separations. Elevated separation temperatures due to Joule heating 

promotes complex dissociation leading to a reduction in sensitivity. Affinity assays performed in 

glass microfluidic devices may be especially prone to this problem due to poor heat dissipation 

due to the low thermal conductivity of glass and the large amount of bulk material surrounding 

separation channels. To address this limitation, a method to cool a glass microfluidic chip for 

performing an affinity assay for insulin was achieved by a Peltier cooler localized over the 

separation channel. The Peltier cooler allowed for rapid stabilization of temperatures, with 21 °C 

the lowest temperature that was possible to use without producing detrimental thermal gradients 

throughout the device. The introduction of cooling improved the preservation of the affinity 

complex, with even passive cooling of the separation channel improving the amount of complex 

observed by 2-fold. Additionally, the capability to thermostabilize the separation channel allowed 

for utilization of higher separation voltages than what was possible without temperature control. 

Kinetic CE analysis was utilized as a diagnostic of the affinity assay and indicated that optimal 

conditions were at the highest separation voltage, 6 kV, and the lowest separation temperature, 21 

°C, leading to 3.4% dissociation of the complex peak during the separation. These optimum 

conditions were used to generate a calibration curve and produced 1 nM limits of detection, 

representing a 10-fold improvement over non-thermostated conditions. This methodology of 

cooling glass microfluidic devices for performing robust and high sensitivity affinity assays on 

microfluidic systems should be amenable in a number of applications.
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1. Introduction

Capillary electrophoresis (CE) can be used for rapid separations, and is frequently used to 

analyze non-covalent affinity complexes formed in affinity CE (ACE). There are many 

forms of ACE, with a common theme being the use of a binding interaction to quantify an 

analyte of interest. Common binding agents employed are receptors, antibodies, enzymes, 

and aptamers [1–4], which allow quantitation of analytes in complex samples [5–10]. 

Additionally, ACE can also be applied for the determination of binding and kinetic 

information of the affinity interactions, as well as conformational changes [11–13].

The effectiveness of ACE assays depends strongly on the ability to separate the affinity 

complex from the free species, or a reference marker. In turn, a requirement that arises for 

successful execution is the maintenance and preservation of the affinity complex during the 

separation [14–16]. Once the separation is initiated, a non-equilibrium environment is 

introduced and the complex species begins to dissociate. There are two means to minimize 

dissociation of the non-covalently bound complex species: minimize the time spent during 

the separation and reduce the dissociation rate constant (koff). To minimize separation times, 

a combination of short separation distances with high electric fields can be used, although 

some work has demonstrated detrimental effects of high electric fields on affinity complexes 

[17–19]. To minimize koff, the temperature of the separation can be reduced [17]. However, 

heating produced as a result of increased separation voltages, which can be up to 10 – 60 °C 

above ambient [20], can greatly affect the affinity complex [21–23]. To mitigate Joule 

heating, methods of thermal control and cooling during separation have been developed and 

are often utilized [24–25].

Microfluidic chips have also been prevalent in the use of affinity assays, taking advantage of 

the integration of sample handling steps with the separation [9,10,26]. Although the 

separation times are typically shorter than those encountered in capillary systems, 

microfluidic separations are also confounded by Joule heating, and the thermal mass of 

microfluidic systems are often higher than those in capillaries. For high efficiency 

separations, glass is frequently the material of choice for microfluidic separation systems; 

however, due to the low thermal conductivity of this material (~1 Wm−1K−1) any heat 

generated during operation will not be dissipated rapidly. Additionally, unlike the thin 

cylindrical capillaries that are used in CE which are exposed on all sides to coolant or air, 

microfluidic separation channels are often surrounded by the large thermal mass of the 

device itself. An example of the insulating power of glass was shown in a previous report 

that compared heating and cooling rates in glass microfluidic devices with and without bulk 

glass surrounding the microfluidic channels. Cooling and heating rates increased 3.6- and 

7.5-fold, respectively, in the glass microfluidic devices without the bulk glass around the 

channel [27].

Due to the insulating properties of glass, the high temperatures that can occur during Joule 

heating, and the sensitivity of affinity assays to temperatures, we set out to develop a 

temperature control system for use in microfluidic affinity assays. A manifold was 

developed to house two temperature control elements, one for cooling the separation channel 

and the other for maintaining a stable temperature over the remaining portion of the device. 
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The effects of cooling were evaluated by determining the preservation of the affinity 

complex of a competitive immunoassay for insulin. It was found that the addition of a cooler 

was advantageous for affinity complex preservation leading to ~10-fold decrease in the limit 

of detection compared to an assay performed without temperature control. In addition, the 

methodology was relatively simple to implement and would be advantageous to a number of 

microfluidic affinity assays.

2. Materials and Methods

2.1 Chemicals and Reagents

Dibasic and monobasic potassium phosphate, sodium carbonate and bicarbonate, bovine 

insulin, and Tween-20 were purchased from Sigma Aldrich (Saint Louis, MO). 

Ethylenediamine tetraacetic acid (EDTA), bovine serum albumin (BSA), sodium hydroxide, 

and ammonium hydroxide were obtained from EMD Chemicals (San Diego, CA). Nitric 

acid, hydrofluoric acid, and hydrogen peroxide were obtained from Macron Fine Chemicals, 

and sulfuric acid was from J.T. Baker (Center Valley, PA). For all solutions and sample 

preparation, ultrapure deionized water was used (NANOpure Diamond TM deionization 

system, Barnstead International, Inc., Dubuque, IA).

The following reagents were utilized for the insulin immunoassay. Monoclonal antibody 

(Ab) for the C-terminal of human insulin was obtained from Meridian Life Science, Inc. 

(Torrance, CA). For production of Cy5-labeled insulin (Ins*) Cy5 monofunctional N-

hydroxysuccinimide ester was obtained from GE Healthcare Bio-Sciences (Piscataway, NJ). 

The methodology for labeling bovine insulin has been described previously [7] and was 

performed according to the manufacturer’s guidelines.

2.2 Fabrication of Microfluidic Chips

The methodology for the fabrication has been described in previous work [10]. Briefly, 

borofloat photoresist wafers (Telic Co., Valencia, CA) with a layer of AZ1500 positive 

photoresist on a chrome layer were exposed to 18 mW cm−1 collimated UV radiation (OAI, 

San Jose, CA) for 15 s through a patterned photomask. The exposed photoresist was 

removed with AZ 400K Developer (AZ Electronic Materials Corp., Sommerville, NJ). 

Subsequently, the bottom chrome layer was developed with a chrome etchant solution 

(CR-7S, Cyantek Corp., Freemont, CA). The exposed glass was then etched in a 5:1:3 

(v:v:v) mixture of H2O:HNO3:HF to a 7 μm depth and 15 μm width. The dimensions of the 

channels were verified using a P-15 Stylus Profilometer (KLA-Tencor, Milpitas, CA). Fluid 

access holes were drilled with a 500 μm diamond-tipped drill bit after which the remaining 

photoresist and chrome were removed. These pieces of glass, and blank glass slides, were 

cleaned for 30 minutes in a 3:1 (v:v) solution of H2SO4:H2O2 and subsequently a 5:1:1 (v:v) 

solution of H2O:NH4OH:H2O2 heated to 60 °C. Finally, the cleaned slides were bonded to 

the blank glass at 640 °C for 8 hours.

2.3 Temperature Control

A manifold to hold the microfluidic device and temperature controllers was fabricated in-

house from two polycarbonate plates. The bottom plate functioned as the support, and the 
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top housed reservoirs that were milled into the polycarbonate block. Screws were used to 

clamp the polycarbonate plates around the microfluidic device with o-rings used to form 

liquid-tight seals for the reagent and separation reservoirs.

The Peltier device (7.0 × 15.0 mm, 11.3 W, Custom Thermoelectric, Bishopville, MD) was 

held above the separation channel in the top piece of polycarbonate. The device was 

operated using software from the manufacturer with an Accuthermo FTC-100D controller 

(Freemont, CA) that used the temperature from a J-type thermocouple (SA1-J, Omega 

Engineering Inc., Stamford, CT) as an input. The thermocouple was attached to the bottom 

of the microfluidic device directly below the separation channel. Unless otherwise noted, 

any temperature expressed throughout this report was the temperature that this thermocouple 

was reading. The Peltier was attached to the microfluidic device with Arctic Silver 5 thermal 

compound (Visalia, CA) and a heat sink was attached to the hot side of the Peltier using the 

same thermal compound. Air was blown over the heat sink at a rate of ~15 L/min using a 

Welch 2546-B air pump (Niles, IL).

To maintain ambient temperature throughout the remaining portion of the microfluidic 

device, two thermofoil heaters (Omega Engineering) were combined in parallel and placed 

under the microfluidic device, upstream of the separation channel. The complementary 

thermocouple was placed on the top of the microfluidic device and the temperature from this 

thermocouple was input into a controller (CNi32, Omega Engineering) to maintain the set 

temperature.

2.4 Detection and Microfluidic Chip Operation

For all experiments, the assembled manifold with microfluidic device was attached to the 

stage of a Nikon Eclipse TS-100F inverted fluorescence microscope (Nikon Instruments 

Inc., Melville, NY). Laser-induced fluorescence detection was performed using a 635 nm 

laser (Aixiz, Houston, TX). The laser was directed into the microscope with a 2 m fiber 

bundle and collimated using a collimating lens (CeramOptec, East Longmeadow, NY). The 

collimated light was then directed to a 646 nm dichroic (Semrock, Rochester, NY) and 

projected to a 40 X, 0.6 NA objective (Nikon Instruments Inc.) where it was focused 

through a hole in the bottom of the manifold into the microfluidic device. Emission light 

was collected through the same objective and passed through the dichroic mirror, a 685 nm 

bandpass filter (Semrock), a spatial filter, and then made incident on a photomultiplier tube 

(PMT). The spatial filter and PMT were housed in a single unit from Photon Technology 

International Inc. (Birmingham, NJ). Instrument control and data collection were performed 

by a custom program written in LabView.

The microfluidic design consisted of a reservoir at the top of the device connected to a 

single sample delivery channel 4 cm in length. The device design was similar to one 

previously described [10]. A gated injection scheme was utilized with a 1 s sample injection 

and a 24 s separation [28]. Injections were performed in serial, with an injection occurring 

after the end of the previous separation. The sample reservoir was connected to ground and 

the separation voltage was applied to the waste reservoir.
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Prior to use, the microfluidic device was conditioned for 1 hour in 1M NaOH, followed by 

water, and experimental buffers for at least 15 minutes each, prior to commencement of 

experiments. The reservoirs were loaded with 80 μL of the appropriate solution, sealed with 

tape, and punctured with Pt electrodes for operation.

2.5 Immunoassay Sample Preparation

Samples were made in 20 mM NaH2PO4, 1 mM EDTA, pH 7.4 with 0.1 % (w/v) Tween 20 

and 1 mg/mL BSA added. The separation buffer consisted of 20 mM sodium carbonate and 

20 mM sodium bicarbonate. For all immunoassay samples, 50 nM Ins* and 50 nM Ab were 

used with varying concentrations of unlabeled insulin (Ins). The samples were left to 

equilibrate in the dark at room temperature for 10 minutes prior to placing in the device.

2.6 Data Analysis

The amount of Ins* free (F) and bound (B) to Ab were quantified by peak area using 

available software [29]. Peak start and finish times were approximated by events that 

exceeded three times the standard deviation of the baseline. To obtain a calibration curve, 

the average bound-to-free ratio (B/F) from 5 consecutive electropherograms was evaluated 

as a function of [Ins] and was fit using a four parameter logistic model [10,14]. The LOD 

was determined as the concentration of Ins required to induce a change in the B/F greater 

than three times the standard deviation of the blank. All values throughout the text are 

reported as an average of 5 consecutive runs with errors reported as +/− 1 standard 

deviation.

3. Results and Discussion

Temperature control has been utilized in a number of microfluidic applications, including 

temperature gradient focusing [30,31], isoelectric focusing [32], free flow electrophoresis 

[33], and zone electrophoresis [34]. Temperature control on microfluidic devices has been 

performed in a variety of manners [35], from copper blocks [30,31] to Peltier elements [33] 

to channels carrying temperature-controlling fluids integrated next to features of interest 

[36]. While much work has gone into implementing temperature control methods for these 

assays, little has been done on implementing methods for optimization of affinity 

separations in microfluidic separations even though the affinity complex shows a strong 

dependence on temperature [21–23]. In this work, active cooling over the separation channel 

was implemented in an affinity assay for insulin, and it is anticipated that this strategy will 

be of use to a number of other applications.

3.1 Description of Heating and Cooling Elements

The schematic for the microfluidic device and the placements of the thermofoil (shaded light 

grey) and Peltier (shaded dark grey) are shown in Figure 1A. Approximately 1.4 cm of the 

1.5 cm separation channel was covered by the cooler, allowing the majority of the separation 

to be performed in the temperature-controlled region while detection was performed at the 

end of the separation channel, outside the Peltier to reduce scattered laser light. The 

temperature of the Peltier could be controlled to ± 0.1 °C of the desired temperature. Initial 

experiments indicated that the Peltier was also lowering the temperatures of the sample and 

Mukhitov et al. Page 5

J Chromatogr A. Author manuscript; available in PMC 2015 November 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



sample delivery channel. In order to maintain the temperature outside the separation region, 

a thermofoil heater was used to maintain the sample reservoir and sample delivery channel 

at approximately room temperature (26 °C) during all experiments. As will be discussed in 

Section 3.2, regulating the temperature of these areas was important to maintain the 

equilibrium of the bound and free species prior to separation. All of these components were 

held in place using a polycarbonate manifold. The manifold, thermofoil and thermocouple, 

Peltier and its heat sink are shown in Figure 1B. It was found that reproducible placement of 

the cooler was essential for reproducible separations, necessitating the use of the manifold to 

maintain the position of the microfluidic device with respect to the position of the heater and 

cooler.

3.2 Optimization of Temperature at 4.5 kV Separation Voltage

Initial testing of the effect of cooling on the performance of the microchip immunoassay was 

tested without Ins in the equilibrium mixture. The highest B/F and the variance of this point 

are critical as it sets the constraints for the sensitivity of the assay. We have used the B/F 

value at this initial point as a marker of whole assay sensitivity in the past [14].

Ambient temperature of the device was ~26 °C, and without the use of any temperature 

control, the temperature rapidly increased to ~28 ± 1 °C when a separation voltage of 4.5 kV 

was applied. This separation voltage was initially evaluated because it was used in our 

previous studies [10]. The increased temperature was attributed to Joule heating induced by 

the applied separation voltage. Under these conditions, the B/F ratio was 1.43 ± 0.05 (Figure 

2). The microfluidic device was then placed within the manifold containing the Peltier and 

air was delivered across the heatsink for passive cooling. As a result, the temperature of the 

separation channel decreased back to ambient (26.0 ± 0.4 °C). This passive thermostating 

with the heatsink alone produced more than a two-fold improvement of the B/F to 3.53 ± 

0.05 (Figure 2). This result emphasizes the necessity of temperature control in affinity 

assays performed on glass microfluidic devices.

Subsequently, active cooling was applied to further lower the temperature and stabilize the 

affinity complex. Representative electropherograms during active cooling are shown in 

Figure 2 at temperatures of 25, 23, 21, 19, and 17 °C. Lower temperatures were not possible 

due to arcing of the separation voltage, thought to be due to condensation on the device at 

these lower temperatures. As temperatures decreased below 26 °C, the B/F increased with 

the highest value found at 21 °C. As the temperature was brought below 21 °C, the B/F 

began to decrease. Table 1 shows the average B/F at all temperatures tested. Upon the 

introduction of passive air cooling, or active cooling by the Peltier, the reproducibility of the 

B/F ratios, as determined by the %RSD, was more than two-fold higher than the non-cooled 

assay performed at 28 °C.

The initial increase in B/F as the temperature decreased from 26 to 21 °C was due to the 

stabilization of the complex during the separation. This is evidenced by an increase in the 

area of the bound complex peak and a decrease in the area between the bound and free peaks 

where dissociated complex would reside (Supplementary Table 1) [13]. The reduction in the 

B/F at temperatures below 21 °C was likely due to a shift in equilibrium conditions in the 

sample delivery channel prior to injection into the separation channel, seen as a decrease in 
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the area of the bound peak and an increase in the area of the free peak (Supplementary Table 

1). This result suggested that the cooling was bleeding into the sample delivery channel, 

reducing the binding and decreasing the B/F. Although an attempt was made to control the 

temperature over the sample delivery channel, at temperatures lower than 21 °C in the 

separation region, a thermal gradient may have developed affecting the equilibrium 

concentrations of bound and free. Since the bound peak area decreased with cooling past 21 

°C, lower temperatures were not investigated during further experiments.

3.3 Optimization of Separation Voltage

The next step towards increasing the sensitivity of this affinity assay was to decrease the 

separation time. An effort to use a shorter separation channel was attempted, but was 

unsuccessful due to the constrained positioning of the Peltier cooler with respect to the 

device geometry. For other applications or in future experiments, it may be possible to 

change the geometry of the channels to obtain shorter channel lengths. Without the ability to 

decrease the channel length, the separation voltage was increased to 6 kV to achieve faster 

separation times. While faster separations are beneficial for ACE, it has been shown that 

high electric fields, outside of the effects of Joule heating, can also contribute to dissociation 

of the complex during ACE separations [17,18]. While these effects have only been reported 

in ACE separations involving DNA aptamers as the binding reagent, a separation voltage of 

3 kV was also evaluated for this consideration.

Separations at 3, 4.5, and 6 kV were performed at 26, 25, 23, and 21 °C. The 6 kV 

separations resulted in decreased migration times while maintaining a satisfactory 

resolution. We found that 6 kV could be applied without thermal control, producing a B/F of 

3.08. However, at this voltage, the temperatures increased above 28 °C and severely limited 

the reproducibility of the assay. The integration of the cooler was essential to decrease the 

detrimental effects of Joule heating at this higher voltage. The shorter residence times in the 

separation channel were beneficial for preservation of the affinity complex as the B/F was 

larger than those of the 4.5 kV separations at all temperatures tested (Supplementary Data, 

Table 2), with the highest at 21 °C. At a separation voltage of 3 kV, the B/F also increased 

with colder temperatures, but were lower than the B/F values at 4.5 and 6 kV 

(Supplementary Data, Table 2). There was also severe fronting of the bound peak during 

separations at 3 kV, but the cause of the fronting was not determined. Example 

electropherograms from 3, 4.5, and 6 kV separation voltages at 21 °C are shown in Figure 3.

3.4 Kinetic Capillary Electrophoresis Analysis

To understand the effects occurring at the various temperatures and separation voltages, we 

determined the koff values at all conditions tested. Additionally, koff measurements can be 

used to determine ideal conditions for ACE [15,16]. Re-association of the free species is 

assumed to be negligible during a separation, shifting the attention to lowering koff. To 

determine koff, the data obtained at the various separation voltages and temperatures were 

analyzed as described for non-equilibrium capillary electrophoresis of equilibrium mixtures 

[13]. Using the koff values, we then calculated the percent complex dissociated during the 

separation [16]. The values of koff and percent complex dissociation are shown in Figure 4 
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as a function of temperature. The different separation voltages tested are indicated by the 

shading and shape of the points as described in the figure legend.

As shown in Figure 4A, cooling the separation channel produced a decrease in koff at all 

applied separation voltages reducing the percentages of the complex peaks that dissociated 

(Figure 4B). Colder temperatures had the largest effect on the 4.5 kV separations as the 

percent koff decreased by 55% and the percent dissociated decreased from 9.6% at 26 °C to 

5.1% at 21 °C. At 6 kV, cooling did not have as large of an effect on koff as it did for 4.5 kV 

separations, but because the separation times were smaller at this voltage, the percent 

complex that dissociated was lower at all temperatures tested with the lowest of 3.3% at 21 

°C. The combination of the lowest koff and fastest separation time explains why the highest 

B/F was observed at this voltage and temperature.

3.5 Calibration at optimal conditions

A calibration curve using the optimized conditions at 6 kV and 21 °C was performed and 

shown in Figure 5. The LOD for the assay was 1 nM and was an improvement of ~10-fold 

over un-optimized conditions performed without temperature control at lower voltages. It 

may be possible to obtain a lower LOD with the use of higher voltages, although the 

equilibrium dissociation constant (Kd) of the antibody will ultimately limit the sensitivity of 

this assay [15]. Using similar concentrations of immunoassay reagents with slightly different 

buffer compositions, we previously reported an LOD of 20 nM for insulin [10]. A major 

difference between the assays was that the previous microfluidic device was heated 

upstream of the separation channel to maintain viability of cells placed on the device and to 

promote mixing of the immunoassay reagents while no cooling of the separation channel 

was performed. If the heating spread into the separation region, koff would have been large 

and produced more dissociation of the complex during the separation, decreasing the 

sensitivity of the assay.

4. Conclusions

The effect of temperature control on microfluidic immunoassays was demonstrated using an 

offline immunoassay of insulin. Even passive thermal control through the attachment of a 

heat sink demonstrated a significant contribution to stabilizing the affinity complex during 

separations. Subsequent application of active cooling yielded a decrease in the dissociation 

rate constant accompanied by a substantial improvement in the B/F and a lower LOD. 

Furthermore, the methodology presented allowed for the utilization of higher separation 

voltages that, in the absence of cooling, would produce Joule heating detrimental for affinity 

assays.

Several improvements could be made to the current system. For example, although we 

attempted to localize the cooling over the separation channel, the observation that the 

equilibrium shifted at temperatures below 21 °C indicates that a better control over the 

temperature between the various regions in the microfluidic device is required. It may be 

that a different channel design would have been more ideal or channels with temperature-

controlling fluids could be patterned directly into the device for more accurate control over 

local temperatures. Additionally, if this device is to be applied in future analysis for 

Mukhitov et al. Page 8

J Chromatogr A. Author manuscript; available in PMC 2015 November 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



measuring insulin secretion from living cells where heating elements are required [10,22], 

further control will be required to make sure temperature zones are not compromised by 

adjacent elements. Nonetheless, the use of Peltier elements for temperature control over 

separation domains provides an additional tool for microfluidic devices and affinity assays 

in general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A Peltier cooler was used to minimize dissociation during an affinity separation

• Separation temperatures tested were 26, 25, 23, and 21 °C

• At low temperatures, high separation voltages were permitted

• Optimum conditions were lowest temperature and highest voltage

• LOD improved by 10-fold using optimum conditions
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Figure 1. Schematic of microfluidic device indicating positions of the cooler and heater
(A) The design of the microfluidic channels are shown as thick black lines and the electrical 

connections are shown as dashed lines (---). The reservoirs and channels are labeled on the 

figure. A thermofoil heater depicted in grey ( ) was localized over the sample reservoir and 

sample delivery channel. A Peltier cooler was placed over the microfluidic device with its 

position shown in dark grey ( ). The placement of the complementary thermocouple for 

the Peltier cooler is shown as an outline by a dash dot dash line (-•-). The detection point for 

the separations is shown as an asterisk (*). (B) The manifold used to house the microfluidic 
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device with the thermofoils, the thermocouple for the thermofoils, the Peltier cooler, and the 

heat sink are shown. The thermofoils were attached below the device while the Peltier was 

attached on top. The black o-rings used to make the seals for the fluid reservoirs can also be 

seen.
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Figure 2. Effect of temperature on the separation of the affinity mixture
50 nM Ins* and 50 nM Ab were used in the affinity assay and 4.5 kV separations performed 

at the temperatures indicated on the left of the figure. The separation shown at 28 °C was 

performed without the heat sink on the device and the separation at 26 °C was performed 

with the Peltier and heat sink on the device and air blowing over the heatsink, but no active 

cooling was being performed. The traces are offset for clarity but are maintained to scale.
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Figure 3. Effect of voltage on the separation of an imunoassay mixture at 21 °C
Three representative electropherograms of the affinity mixture at −3, −4.5, and −6 kV 

separation voltages are shown. The temperature during these separations was 21 ± 0.1 °C. 

The traces are offset for clarity and are maintained to scale.
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Figure 4. Kinetic effects of separation temperature and voltage
(A) The dissociation rate constant (koff) was determined as described in [12] at the 

temperatures and voltages shown. The data for −3 kV is shown as the black filled squares 

(■), for −4.5 kV as grey filled diamonds with a black outline ( ) and for −6 kV as white 

filled circles with a black outline (○). (B) The percent complex dissociated was determined 

as described in [15]. The symbols are the same as used in part (A).
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Figure 5. Calibration plot of an insulin immunoassay performed at 21 °C and 6 kV
Bound and free were determined by the areas of the respective peaks. Each point contains an 

average of 5 runs and error bars represent +/− 1 standard deviation. The data was fit with a 

four parameter logistic fit (black line) and a 1 nM LOD was calculated.
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Table 1

Effect of temperature on the B/F ratio using 4.5 kV separation voltage.

Temperature (°C)* B/F RSD (%)**

No Cooling 28 1.43 3.50

Air Cooling 26 3.53 1.13

Active Cooling 25.0 4.49 1.33

23.0 5.31 1.50

21.0 5.76 1.38

19.0 4.80 0.62

17.0 2.39 1.25

*
The precision of the temperature at 28 °C was ± 1 °C, at 26 °C was ± 0.4 °C, and for others were ± 0.1°C

**
The standard deviations reported were determined from 5 consecutive separations
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