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Abstract

lon transfer at agueous-organogel interfaces enables the non-redox detection of ions
and ionisable species by voltammetry. In this study, a non-thermal method for preparation of
an organogel was employed and used for the detection of hen-egg-white-lysozyme (HEWL)
via adsorptive stripping voltammetry at an array of aqueous-organogel microinterfaces.
Tetrahydrofuran solvent casting was employed to prepare the organogel mixture, hence
removing the need for heating of the solution to be gelled, as used in previous studies. Cyclic
voltammetry of HEWL at the microinterface array revealed a broad adsorption process on the
forward scan, at positive applied potentials, followed by a desorption peak at ca. 0.68 V,
indicating the detection of HEWL in this region. Application of an adsorption step, where a
constant optimized potential of 0.95 V was applied, followed by voltammetric detection
provided for a linear response range of 0.02 — 0.84 uM and a detection limit of 0.030 uM for
300 s adsorption. The detection limit was further improved by utilizing differential pulse
stripping voltammetry, resulting in detection limits of 0.017 uM, 0.014 uM, and 0.010 uM for
adsorptive pre-concentration times of 60, 120 and 300 s, respectively, in unstirred solutions.
These results are an improvement over other methods for the detection of HEWL at aqueous-
organic interfaces and offers a basis for the label-free detection of protein.
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1. Introduction

Biomolecules, such as proteins, play a vital role in maintaining the functionalities of
every activity within living species. Hence, understanding and detecting protein behaviour can
be beneficial for a number of biomedical applications [1]. One of the commonly studied model
proteins is lysozyme, a protein found in mammals that is responsible for the cleavage of an
acetal group located in the polysaccharide walls of bacteria [2]. Composed mainly of 129
amino acids residues held together by cysteine disulphide bonds [3], it is usually available as
hen-egg-white-lysozyme (HEWL) since it comprises 3.5% of egg white protein [4]. Its
molecular weight is ca. 14,600 g mol* [2] and isoelectric point is 11.35, making it positively
charged at physiological pH [5]. Aside from being a model protein analyte, the investigation of

lysozyme was propelled by its use as an indicator for several diseases [6-8].

For the past 45 years, the study of electrochemistry at the interface between two
immiscible electrolyte solutions (ITIES) has been rapidly increasing [9-11]. One of the main
themes of research in this area in recent years has been the electrochemistry of proteins,
since protein detection at the ITIES offers advantages for bioanalytical applications such as
label-free detection, due to charge transfer processes at the ITIES, and amenability to
miniaturization [12, 13]. Amongst several biomolecules of interest at the ITIES or pITIES,
dopamine [14], heparin [15], and cytochrome C [16] have been investigated in addition to
HEWL. Scanlon et al. examined the electrochemical behaviour of HEWL at the ITIES and
showed its adsorption at both all-liquid ITIES and gellified pITIES. The proposed mechanism
for its detection included adsorption of the cationic protein at the interface and the protein-
facilitated transfer of the organic electrolyte anion across the interface, resulting in a protein-
anion complex [17, 18]. This proposed complexation between the lysozyme and the organic
electrolyte anion (hydrophobic) was demonstrated by Hartvig et al. [19] using an online mass
spectrometry method to reveal this complexation. Subsequent mass spectrometry studies

revealed partial unfolding of lysozyme following its electroadsorption at the aqueous-
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organogel interface [20]. Similar detection mechanisms were suggested for other

biomacromolecules, including insulin [21] and haemoglobin [22, 23].

In terms of detection limits for HEWL at the ITIES, reports have been within the low
micromolar range, such as that based on background-subtracted cyclic voltammetry at a
MITIES array that detected 0.5 uM [17]. However, lower detection limits are required for protein
detection when applied in clinical diagnostics [24]. One common method that is utilized by
researchers to address such concerns for low detection limits is in the form of pre-
concentration. In voltammetric analysis, this entails pre-concentrating the analyte into or onto
the electrochemical interface before application of the voltammetric analysis. This is referred
to as stripping voltammetry and a recent review by Herzog and Beni [25] highlighted how this
technique has been applied to HUITIES arrays. In particular, its application to exploiting protein
adsorption at the PITIES array has enabled lysozyme detection at 30 nM [26] as well as
haemoglobin at ~40 nM [27] and insulin at 10 nM [28]. In all such methods, however, the
organic phase was prepared using a high temperature process that involves pouring the hot
gel mixture into the micro-interface-forming membrane and allowing it to cool [17, 18, 26-29].
However, alternative methods for organogel preparation, such as the solvent-casting methods
widely used in potentiometric ion-selective electrode research [30, 31], may offer a more

convenient method for the preparation of the gelled organic phase.

The purpose of the work reported here was to examine whether the solvent-casting
organogel preparation method was a viable approach for the development of a gelled pITIES
array for protein detection. The combination of this method with adsorptive stripping
voltammetry and differential pulse voltammetry will be described in the following sections, with

a low detection limit of 10 nM achieved.
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2. Materials and Methods

2.1 Reagents

All reagents were obtained from Sigma-Aldrich Australia Ltd. and were used as
received unless otherwise stated. The organic phase was prepared by dissolving
bis(triphenylphosphoranylidene) tetrakis(4-chlorophenyl)borate (BTPPA*TPBCI, 10 mM) in
1,6-dichlorohexane (1,6-DCH). A volume (2.5 ml) of this electrolyte solution was then gelled
by the addition of 10% w/v low molecular weight poly(vinyl chloride) (PVC) [17, 32]. In order
to dissolve the PVC, a maximum equal volume (2.5 ml) of tetrahydrofuran (THF) was added
dropwise to the mixture, with continuous stirring over a ca. 15-20 min time. The resulting
solution was then set aside for 48 hours to evaporate excess solvent before being used [30].
The gel mixture was used for a maximum of a further 28 hours after this evaporation period.
The organic electrolyte salt (BTPPA*TPBCI) was prepared by metathesis of
bis(triphenylphosphoranylidene) ammonium chloride (BTPPA* CI) and potassium tetrakis(4-
chlorophenyl)borate (K*TPBCI) following the published procedure [33]. The HEWL stock
solutions were prepared fresh in 10 mM HCI and then stored at 4°C. Similarly,
tetraethylammonium (TEA®) chloride was dissolved in 10 mM HCI. All aqueous solutions used

were made with MilliQ water from a USF Purelab plus UV, having 18.2 MQ*cm resistivity.

2.2 Apparatus

All electrochemical experiments were performed on an AUTOLAB PGSTAT302N
electrochemical station (Metrohm, The Netherlands) through a NOVA 1.9 software interface.
The UITIES array employed was defined by a micropore array silicon membrane, previously
described [34, 35]. The membrane employed in this study consisted of eight micropores in a
hexagonal arrangement, each having a diameter of 22 um and a pore centre-to-pore centre
distance of 400 um. These microporous silicon membranes were sealed onto the lower orifice
of a glass cylinder using silicone rubber (acetic acid curing Selley’s glass silicone). The
solvent-cast organogel mixture was introduced into the silicon micropore arrays via the glass

cylinder with the aid of a pre-warmed glass Pasteur pipette. The set-up was then set aside for
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at least one hour before use. When ready, the organic reference solution (composition: 10 mM
BTPPA*CI in 10 mM LiCl) was then placed on top of the solvent-cast organic phase. The
solvent-cast organogel/silicon membrane assembly was then immersed into the aqueous
phase (10 mM HCI, HEWL in 10 mM HCI, and/or TEA* in 10 mM HCI) and voltammetric
experiments were implemented. Scheme 1 summarizes the electrochemical cell employed.
Each assembly of solvent-cast gel + silicon micropore array membrane was used for a

maximum of 1 day of experiments.

2.3 Electrochemical Measurements

A pair of Ag/AgCI electrodes were used for all measurements. The geometric area of
the microinterface array was 3.04 x 10° cm?. Cyclic voltammetry (CV) and adsorptive stripping
voltammetry (AdSV) were carried out at a scan rate of 5 mV s?, unless noted otherwise.
Optimal parameters for differential pulse voltammetry were found to be 75 mV as the
modulation amplitude, 200 ms for the modulation time and 500 ms for the interval time, which
resulted in a scan rate of 10 mV s. Other parameters such as protein concentration, applied
potential, and duration of the pre-concentration step were varied accordingly. In order to
compare all techniques utilized, all the calculated limits of detection were based on three times
the standard deviation of the blank (n=3) divided by the slope of the straight line. In the case
of the AADPSV, when semi-logarithmic curves were observed, the slope of the straight line

was for the lower concentrations (0.02, 0.06 and 0.12 uM HEWL) only.

3. Results and Discussions

3.1 Cyclic Voltammetry

One approach to study the adsorption of a biomacromolecule at microlTIES is via CV.
This can also be used to compare the voltammetric response for an ion transfer process in
the presence and absence of the target biomacromolecule [17, 36]. In this latter approach, the
CV shape for an ion transfer will be affected if the biomacromolecule is adsorbed at the

microlTIES. Figure 1 shows CVs of HEWL at the solvent-cast aqueous-organogel
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microinterface array. Figure 1a is the CV (grey line) obtained when 15 uM TEA* was present
in the aqueous phase. Figure la also shows the CV (dashed line) that was recorded when
only background electrolytes were present. The background electrolyte transfer across the
ITIES is indicated by the increase of current at the more positive potential end [17]. Meanwhile,
the CV in the presence of TEA* shows the typical CV shape at a micro-interface array formed
at silicon micropore array membranes, showing a steady-state voltammogram on the forward
(going to positive direction) scan, indicative of radial diffusion, and a peak-shaped
voltammogram on the reverse (going to negative direction) scan, indicative of linear diffusion
control. These mass transport phenomena dominate the ion transfer of TEA* at the microlTIES
array and are concordant with previous reports in which the micropores were filled with gelled
organic phase [34, 35]. However, the case is different when HEWL is added to the aqueous
electrolyte phase. Figure 1b displays the CV (grey line) observed when 15 uM of HEWL was
present and Figure 1c shows the CV when 15 uM TEA* and 15 uM HEWL were present in the
aqueous phase. Overlayed in both is the background CV response (dashed line). The CV
obtained in the absence and presence of HEWL is distinguishable primarily by the reverse
scan peak, indicating that HEWL is detected. This peak can be attributed to the desorption of
HEWL from the interface, following its electroadsorption there during the forward scan.
Previous studies have discussed that the HEWL response at the liquid-liquid interface is
complex and is usually a mixture of HEWL adsorption at the interface and its participation in
the facilitated transfer of the background electrolyte anion from the organic to the aqueous
phase and the formation of a complex [17-19]. This complexity was exhibited as the presence
of HEWL changed the shape of the TEA* CV, as shown in Figure 1c. The steady-state
response of the TEA* transfer at the forward scan is less defined in comparison to the absence
of HEWL (Figure 1a). The intensity of the peak-shaped response of TEA™ on the reverse scan
was also less-defined, as well as the existence of the additional peak due to the desorption of
HEWL. The peak for the TEA* transfer can be seen at ca. 0.62 V while that for desorption of

HEWL is at a more positive potential of ca. 0.68 V. The formation of an adsorbed protein layer
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was shown by how the presence of HEWL transformed the shape of the expected steady-
state response for TEA" as it transfers from the aqueous into the organic phase. This was also
observed in a previous report [26] where a heat-treated gellification of the organic phase was
employed. The presence of HEWL has also affected the reverse scan peak as shown by the
slight shifting of the TEA" transfer peak potential and its decreased intensity. This can be
attributed to the presence of adsorbed HEWL that diminishes the area of the interface for TEA*
transfer. In addition, the theoretical limiting current was also determined to characterize the
mass transport behaviour at the solvent-cast aqueous-organogel UITIES array. Using the
inlaid disc model [34], the limiting current was calculated to be 4.3 x 10'1° A, while using the
hemisphere model [37], it was found to be 6.7 x 101° A. When compared to the experimental

limiting current of 5.9 x 10° A for a 15 uM TEA* aqueous concentration, it is suggested that

the formed interface is in between that of an inlaid disc and hemispherical model.

CVs of increasing HEWL concentrations, in the range 5-25 uM, at the solvent-cast
aqueous-organogel UITIES array are illustrated in Figure 2. Despite the added HEWL
concentrations, a similar broad, indistinct rise in current for the forward sweep was observed
at every concentration. This can be related to the adsorption of HEWL at the interface, in
agreement with previous reports [18, 26]. However, the reverse scan was more revealing, as
the desorption peak increased with increasing HEWL concentration. This can be explained by
a desorption process following the complexation of the organic electrolyte anion with the
cationic protein. It was also shown in previous studies that multilayer formation [18, 20, 23]
occurs at the interface in the presence of increasing biomacromolecule concentrations, which
supports the idea that the reverse sweep current increases in proportion to the adsorbed

amount.

3.2 Adsorptive Stripping Voltammetry
The utilization of adsorptive stripping voltammetry (AdSV) for analytical detection

purposes at the YITIES has been studied for different model proteins [26-28]. AASV involves
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application of a constant potential, for a defined and controlled time, during which adsorption
occurs at the interface. This is then followed by the detection step, via a voltammetric scan to
lower potentials that desorbs the protein from the interface and produces a peak current that
is concentration- and adsorption time-dependent. In order to optimize the parameters for
HEWL adsorption at the solvent-cast agueous-organogel microinterface array, the effect of
applied potential during the adsorption step was examined. The applied potential was held at
chosen values for various times, after which the potential was scanned to lower potentials so
as to desorb HEWL from the interface and yield a stripping voltammogram. The effect of
varying applied potentials on HEWL adsorption at the solvent-cast agueous-organogel QITIES
is displayed in Figure 3. In consideration of the effect of the adsorption potential on the peak
current, the optimum potential chosen must not only maximise the stripping signal but also
minimise the background (electrolyte transfer) signal which occurs in the region of HEWL
adsorption. The best compromise was determined to be at 0.95 V for HEWL, in agreement
with the results for the heat-treated organogel [26]. Above this potential, the peak current starts
to display a shoulder and the increasing current may be mostly due to background electrolyte

transfer contributions.

In order to examine whether the peak on the AdSV scan was indeed
adsorption/desorption related, voltammograms were recorded at different scan rates, to test
whether linear behaviour between peak current and scan rate was present, as predicted for
an adsorption process by the equation:

Z;?F?TAv
lp =
4RT

(1)

where i, is the peak current, z; refers to the number charges each molecule transfers, F is
the Faraday constant, R is the universal gas constant, T is the temperature and A is the total
interfacial area. Figure 4 illustrates the recorded voltammograms following application of a

constant potential and constant time for protein adsorption. The inset displays the linear
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relationship between the peak current and the scan rate, verifying that the peak is associated
with desorption from the interface. Using the temperature of 21 °C, together with the
assumption that the number of ions transferred per molecule is equal to the charge of the
protein, +17 [38], and that the formed interface follows that of an almost hemispherical model,
the surface coverage for a 0.5 pM HEWL concentration adsorbed for 60 s was obtained from
the slope of the line of the inset graph, giving the value of 2.5 pmol cm, which is in good

agreement with previously reported value, 4 pmol cm?[26].

In addition, the effect of varying the adsorption time was investigated and the resulting
voltammograms are shown in Figure 5. Without any pre-concentration (0 s adsorption time),
no stripping peak was observed for an HEWL concentration of 0.5 uM. However, LSV following
adsorption times of more than 60 s produced stripping peaks and the peak current continued
to rise as adsorption time was increased. To ensure that there was no carryover of HEWL
between experiments, a blank analysis was performed between all voltammograms; no peaks

were evident on these blank analyses.

Furthermore, increasing concentrations of HEWL (0-1.0 uM) were examined under
different adsorption times of 60, 120 and 300 s. The idea was to see how solution
concentration and adsorption time can be utilized to control HEWL adsorption and to maximise
the detection signal (current). Figure 6 compares the AdSV obtained for (a) 60 s and (b) 300
s pre-concentration times at increasing (0 -1.0 uM) HEWL concentration. It can be seen that
the peak currents increased with adsorption time, indicating that longer adsorption times can
improve the sensitivity. This agrees with previous reports [26] on the kinetics of HEWL
adsorption at the YITIES, where it was suggested that long pre-concentration times were
required for saturation or equilibrium surface coverage. In terms of analytical performance,
higher slopes from increased peak currents indicate better sensitivity and so 300 s was used
to investigate the analytical characteristic for AASV at the solvent-cast agueous-organogel

MITIES array. Figure 7 shows the voltammograms obtained when increasing concentrations
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of HEWL were added (0.02 — 0.84 uM) to the aqueous phase. Concentrations of 0.04 uM were
detected and the calculated limit of detection was 0.03 pM. This value agrees with a previous
report on a heat-treated aqueous-organogel PITIES array [26], but is magnitudes better than
the reported value of 0.5 uM for CV detection at a heat-treated aqueous-organogel YITIES

array [17], and even more so for other ITIES studies on HEWL [18].

3.3 Adsorptive Differential Pulse Stripping Voltammetry

With the aim to further improve the detection limit of HEWL at a solvent-cast aqueous-
organogel PITIES array, differential pulse voltammetry (DPV) was employed following the
HEWL adsorption, since DPV is a well-known method that achieves lower detection limits [39,
40] Similar to the major steps involved in AdSV, adsorptive differential pulse stripping
voltammetry (AdDPSV) employs a pre-concentration step followed by a voltammetric scan.
Background-subtraction was also utilized to further improve the sensitivity. Background
subtraction was performed by recording a blank experiment (0 uM HEWL) at the beginning of
the run. Then this blank response was subtracted from each of the pulse voltammetric
responses to HEWL subsequently recorded. Figure 8 shows the background-subtracted
voltammograms obtained at various HEWL concentrations. Voltammetric scans of a blank
experiment were performed in between runs to ensure that the solvent-cast aqueous-
organogel was clean prior to the next run [41]. The voltammograms corresponds to 60 s
(Figure 8a), 120 s (Figure 8b) adsorptive pre-concentration times. It is observed that as more
HEWL was added, the resulting desorption peak increased but also shifted to a less positive
potential. This produced a semi-logarithmic curve when plotted with HEWL concentration and
has been observed in other previous studies using pulse voltammetry [42, 43]. This may be
attributed to kinetic effects in the DPV detection mechanism, which is supported by the
observed broadening of peaks at the higher concentrations. Nevertheless, a linear increase
of peak current with concentration was observed at low concentrations, in the range of 0.02 to

0.12 uM HEWL.

10


http://creativecommons.org/licenses/by-nc-nd/4.0

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/

Table 1 shows the summary of analytical characteristics of the various voltammetric
techniques employed in this study of a solvent-cast aqueous-organogel UITIES array for
HEWL detection. In order to compare all techniques utilized, all the calculated limits of
detection were based on three times the standard deviation of the blank (n=3) divided by the
slope of the straight line calibration plots. It is seen that from 4.5 puM for CV, the LOD has
improved to 0.030 uM for AdSV, mainly due to the additional 300 s pre-concentration step.
For the ADDPSV, which produced semi-logarithmic curves, the linearity observed on the lower
concentrations were used to determine the sensitivity of the calibration (n=3). Overall, longer
pre-concentration times for the ADDPSV has further enhanced the limit of detection from 0.017
MM with only 60 s pre-concentration time, to 0.014 uM after 120 s pre-concentration time, and
to 0.010 uM following 300 s pre-concentration time. However, the desorption peaks for the
300 s pre-concentration time were already broadened. In terms of precision, the relative

standard deviation was 3.8% for CV (n=4, 15 uM HEWL), 7.6% for AdSV (n=10, 0.30 uM
HEWL) at 300 s pre-concentration, while it was 3.2%, 7.4% and 5.8% (n=6, 0.02 uM HEWL)

for ADPSV at 60, 120 and 300 s pre-concentration times, respectively.

Furthermore, a comparison of the heat-treated organogel versus the solvent-casting
organogel was done using ADDPSV with 400 s pre-concentration time. The results (not shown)
produced similar responses. As a result, the limit of detection and enhanced sensitivity are
attributed to the detection method used that combines the benefits of pre-concentration,

stripping voltammetry and differential pulse voltammetry.

4. Conclusions

Solvent-casting of PVC with THF was investigated as an alternative method to gel the
organic phase in the formation of a MITIES array for protein detection. The behaviour was
examined by cyclic voltammetry, adsorptive stripping voltammetry and adsorptive differential

pulse stripping voltammetry for its application to HEWL detection. CV results indicate that

11
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HEWL is identified with a distinct peak on the reverse scan at ca. 0.68 V. Investigation of the
optimal adsorption potential for HEWL at this type of organogel shows that maximum protein
adsorption happens at a positive potential just below the potential range where background
electrolytes are transferred. With a pre-concentration time of 300 s for AdSV, a detection limit
of 0.03 pM was achieved. Differential pulse voltammetry was also utilized to further improve
the limit of detection for this solvent-cast aqueous-organogel system. The use of AdDPSV
enabled the same (0.017 uM) detection limit with only 60 s pre-concentration and still better
limits were obtained following 120 s (0.014 uM) and 300 s (0.010 pM) pre-concentration. This
work further supports the capacity of the use of electrochemistry at the YWITIES array as a label-
free bioanalytical tool. However, studies on selectivity and sample matrix effects remain as

challenges currently being addressed.
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Figure & Scheme captions
Scheme 1. Schematic representation of the electrochemical cell employed. x represents the

various HEWL concentrations used in the study.

Figure 1. Cyclic voltammograms observed with the solvent-cast aqueous-organogel UITIES
array (Scheme 1) in the absence and presence of TEA"and HEWL in the aqueous phase: a)
15 uM TEA"; b) 15 uM HEWL and c¢) 15 uM TEA* + 15 uM HEWL. The blank experiment is

shown as the dashed line. Scan rate: 5 mV s™.

Figure 2. Cyclic voltammograms observed with the solvent-cast aqueous-organogel UITIES
array (Scheme 1) in the presence of increasing concentrations of HEWL, as indicated by the

arrow direction (5, 10, 15, 20 and 25 puM), in the aqueous phase. Scan rate: 5 mV s,

Figure 3. Plot showing the effect on the peak current of varying the interfacial potential on the
adsorption step. Aqueous phase contains: 10 mM HCI + 10 uM HEWL. Adsorption time was
60 s, without stirring. The solvent-cast organogel was used as the organic phase (Scheme 1).

Scan rate: 5 mV s

Figure 4. AdSV of 0.5 uM HEWL + 10 mM HCI at various scan rates: 5 mV s (black bold
line) to 60 mV s (black dotted line). Inset shows plot of peak current against scan rate. The
solvent-cast organogel was used as the organic phase (Scheme 1). Pre-concentration time

and potential were 60 s and 0.950 V respectively.

Figure 5. AdSV of 0.5 pM HEWL + 10 mM HCI at various pre-concentration times from 5
(black bold line) to 1800 (grey bold line) s. The solvent-cast organogel was used as the organic

phase (Scheme 1). Scan rate: 5 mV s™.

Figure 6. AdSV of various HEWL concentration for different adsorption times: (a) 60 s and (b)
300 s at an applied potential of 0.950 V. Agueous phases contain (0 — 1.0) pM HEWL in 10
mM HCI. The solvent-cast organogel was used as the organic phase (Scheme 1). Scan rate:

5mV st
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Figure 7. AdSV of increasing aqueous phase HEWL concentrations, as indicated by the
direction of the arrow (0.02 to 0.84 uM) at the solvent-cast aqueous-organogel PITIES
(Scheme 1). The adsorption time and potential were 300 s and 0.950 V respectively. Scan

rate: 5 mv s™.

Figure 8. AdDPSV of HEWL (0.02 to 0.60 puM, increasing as directed by the arrow direction)
for a) 60 s, b) 120 s, pre-concentration times prior to voltammetric desorption. Solutions

contained increasing (0.02 - 0.60 uM) HEWL + 10 mM HCI in the aqueous phase (Scheme 1).
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Scheme & Figures
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Table 1. Summary of analytical performance of the solvent-casted organogel

microarray for different voltammetric techniques used.

. Sensitivity Number  Limit of . Correlatio
Detectio . . . . Concentratio
n Preconcentratio  (calibratio t of Detectio n Range
Method ntime/s n graph) Points n(LOD)/ / uM Coefficient
/ nAum* (n) KM (R)
cv 0 0.0109 6 4.5 5-25 0.985
AdSV 300 1.62 9 0.030 0.02-0.84 0.993
AdDPSV 60 4.57 7 (3) 0.017 0.02-0.60 0.990
AdDPSV 120 3.55 7 (3) 0.014 0.02-0.60 0.992
AdDPSV 300 3.42 7 (3) 0.010 0.02-0.60 0.998

TCorresponds to the number of HEWL concentrations used providing the data points fitted for the linear regression. Since

AdDPSV resulted in semi-logarithmic curves, the slope across the lowest three (3) concentrations was used.
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