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Abstract

Despite 25 years’ effort, serious questions remain regarding the mechanism(s) underlying electron 

transfer through (or from) electrode-bound double-stranded DNA. In part this is because a control 

experiment regarding the putatively critical role of guanine bases in the most widely proposed 

transport mechanism (hopping from guanine to guanine through the π-stack) appears to be lacking 

from the prior literature. In response, we have employed chronoamperometry, which allows for 

high-precision determination of electron transfer rates, to characterize transfer to a redox reporter 

appended onto electrode-bound DNA duplexes. Specifically, we have measured the effects of 

guanines and base mismatches on the electron transfer rate associated with such constructs. Upon 

doing so, we find that, counter to prior reports, the transfer rate is, to within relatively tight 

experimental confidence intervals, unaffected by either. Parallel studies of the dependence of the 

electron transfer rate on the length of the DNA suggest that transfer from this system obeys a 

“collision” mechanism in which the redox reporter physically contacts the electrode surface prior 

to the exchange of electrons.
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INTRODUCTION

Extensive scientific literature has described DNA duplexes as highly effient charge carriers, 

an effect claimed to arise from π−π interactions between their closely stacked base pairs, 

and has declared the effect potentially of great value in sensing, artificial photosynthesis, and 

molecular electronics (e.g., refs 1–11). Despite the large volume of this literature, however, 

the claim that charge transfer through DNA duplexes is rapid remains the subject of 

considerable debate, with some authors arguing in favor of rapid transfer1,2,12 and others 

claiming that DNA duplexes are effectively insulators.13–15

One of the most common approaches to measuring electron transfer from or through DNA 

duplexes, which was introduced by Barton and co-workers,16 employs thiol-modified DNA 

duplexes self-assembled onto gold electrodes and modified with redox-active reporters (e.g., 

Nile blue,12,17–21 methyleneblue,16,17,19,20,22,23 daunomycin,24–26 anthraquinone,8,19,23,27 

pyrroloquinoline-quinone,25 Redmond Red,9 perylenediimide,28 TEMPO,27 or even whole 

bacteria29) that are either covalently attached to the DNA or intercalated within its base 

pairs. Using voltammetry to determine the electron transfer rates associated with these 

constructs, the community finds them to be on the order of ~ 1−100 s−1 (Table 1). There is 

also, we note, significant literature employing optical (refs 1, 30, and 31) and electronic (refs 

32–34) means to monitor rates through DNA transfer or conductance; it is unclear, however, 

how to directly compare the results of these differing approaches.

The community claiming effcient through-DNA transfer has largely argued that charges 

move via “hops” through an intact π-stack from one guanine to the next (see refs 1, 12, 28), 

with this base playing a critical role due to its low reduction potential (which is below that of 

the other three bases48). Support regarding the necessity of an intact π-stack comes from 

studies reporting significantly slower through-DNA transfers upon introduction of 

mismatches or abasic sites that are thought to disrupt this stacking.12,16,21,26 Although the 

presence of guanines is central to the hypothesized rapid transfer, there is an unexpected lack 

of control experiments in the relevant literature testing the putatively critical role of this base 

(see Table 1). A second concern regarding much of the prior literature is its often untested 

assumption that all of the electrode-bound DNA molecules are in their double-stranded state 
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(e.g., refs 12, 19–22, 36, 41); because the transfer rates associated with single-stranded DNA 

are as much as an order of magnitude greater than those of double-stranded DNA,20,21,49,50 

the unnoticed presence of incomplete hybridization would cause an overestimation of the 

transfer rates of the double-stranded state. In an effort to fill these gaps, here we have used a 

combination of chronoamperometry and chronocoulometry to precisely quantify electron 

transfer rates from guanine-free, guanine-rich, and mismatch-containing constructs that we 

confirmed experimentally to be fully hybridized (Figure 1). Following this, we then used the 

approach to characterize the electron transfer kinetics of duplex constructs as a function of 

their length, a powerful means of discriminating between competing transfer models.

RESULTS AND DISCUSSION

Cyclic voltammetry has historically been employed to determine transfer rates in DNA 

duplexes.14,21,24 This approach relies on Laviron’s analysis, which only indirectly estimates 

rates from the peak separation observed in voltammograms.53 It appears, however, that for 

DNA duplexes the precision of this approach is relatively poor; for example, rates of 25 and 

39 s−1 are deemed experimentally indistinguishable,21 and it is claimed that determined rates 

“can only be assessed with confidence as order of magnitude estimates”.19 

Chronoamperometry, in contrast, enables the direct determination of transfer rates, greatly 

improving on the precision with which they can be measured (Figure 1). Thusly motivated, 

we have used this approach to measure electron transfer from a methylene blue at the distal 

terminus of DNA duplexes. These are attached via a thiol anchor on 6- mercaptohexanol 

self-assembled monolayers and deposited on a gold electrode, a strategy similar to that 

employed in many previous studies of through-DNA charge transfer (e.g., refs 1, 8, 12, 54).

To measure transfer rates, chronoamperometry employs a dual potential pulse in which we 

first apply a reductive potential and monitor the current decay resulting from the reduction 

of methylene blue [Figures 1 and S1A (Supporting Information, SI)]. This is followed by the 

application of an oxidative potential that regenerates the redox reporter (Figure S1A, SI). 

Determining the apparent electron transfer rate, kapp, of this population can simply be 

achieved by fitting the current decay trace to an exponential function.50,52 We use the 

“apparent” nomenclature to distinguish this rate from the true, equilibrium electron transfer 

rate, k0, since the measured rate combines this with the rate of diffusion of the redox reporter 

to the surface (i.e., mass transport).

Because the transfer rate of the single-stranded state is faster than that of the double-

stranded state (50 fold more rapid for a 16-base construct; Figure 1B), surface contamination 

with unhybridized single-stranded DNA leads to overestimation of the transfer rate of the 

double-stranded state. Fortunately, however, in addition to providing rate information, 

chronoamperometry also provides information regarding the relative populations of double-

stranded and single-stranded molecules, allowing us to quantitatively assess the extent of 

hybridization (Figure 2A). Specifically, we can determine the relative populations of the two 

states by examining the chronoamperograms in their chronocoulommogram form (i.e., as a 

plot of transferred charge as a function of inverse time), which reports the number of redox 

reporters that have a transfer rate corresponding to the maximum of the trace (Figure 2A). 

Using this to characterize our system, we find that attaching single-stranded DNA to the 
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electrode and then adding its complement in solution (at 100 nM) leads to effectively 

complete hybridization within 5 min, as reported by the disappearance of the more rapidly 

transferring population (Figure 2A). In contrast, the commonly employed approach21,41,43 of 

hybridizing the DNA prior to surface deposition produces a large population of single-

stranded molecules, leading, in this case, to a 40-fold overestimation of the transfer rate of 

the double-stranded state [Figures 2B and S2 (SI)].

A central argument in the prior through-DNA-transfer literature is that rapid charge transport 

requires both thepresence of guanines and the integrity of π-stacking.1 As we note above, 

however, our exploration of the literature suggests that at least the former argument has 

never been tested (Table 1). To do so we have compared the rate of transfer from two 

double-stranded, 40-base-pair constructs, one of which is comprised entirely of A−T base 

pairs and a second comprised of 24 G−C base pairs and 16 A−T base pairs, with no more 

than three bases in a row excluding guanine (constructs 7 and 8 in Table 2). Doing so we 

find that, in contrast to theoretical and experimental expectations that guanine-containing 

DNA duplexes should transfer electrons more rapidly,2,48,57 the ratesassociated with these 

two constructs are effectively indistinguishable (2.8 ± 0.9 s−1 and 2.5 ± 0.5 s−1, respectively; 

Figure 3) under the conditions that we have employed. To test the second argument, we have 

introduced a C−A mismatch into each of these same two constructs. Again in contrast 

toprevious reports,8,20,25,38,54 we find that the introduction of this mismatch leaves the 

electron transfer kinetics of the two constructs effectively unchanged (2.6 ± 0.8 and 3.2 ± 0.5 

s−1, respectively; Figure 3).

In the work described above, we employed packing densities (number of DNA strands per 

unit area) of 1−3 pmol cm−2, arange that overlaps well with the packing densities employed 

in half of the 18 previous papers that characterized this parameter (Table 1). Some authors, 

however, have argued that the through-DNA transfer occurs only at higher packing densities 

(refs 20, 23, 43, 45, but see, also, ref 5, which reports no dependence on packing density). To 

explore this, we measured the transfer kinetics associated with our various constructs when 

they are deposited at densities of 9−12 pmol cm−2. We find, however, that even under these 

conditions all four of our constructs (guanine-rich and guanine-free, perfectly matched and 

mismatched) again exhibit identical transfer rates (Figure 3).

The length dependence of transfer kinetics can help delineate between possible charge 

transfer mechanisms. Guanine hopping, for example, is predicted to exhibit a power law 

dependence on DNA length with an exponent of between −1 and −2 (refs 12, 18). The length 

dependence of tunneling-mediated transfer, in contrast, is predicted to be exponential.12 

Given the potential utility of such studies in elucidating the transfer mechanism, we were 

surprised to find only limited discussion of the length dependence of DNA-associated 

transfer in the prior literature (Table 1). Specifically, we find only five earlier studies 

exploring this effect with only modest precision. In one, Kraatz and co-workers15 

usedscanning electrochemical microscopy to determine that systems with a reporter located 

at the terminus of a 17-base-pair construct “exhibit faster electron transfer” than systems in 

which the reporter is placed closer to the electrode, but their analysis does not go beyond 

this qualitative statement. In a second, Barton and co-workers26 used cyclic voltammetry to 

measure transfer rates using daunomycin placed at positions 1, 3, 5, and 12 of five different 
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15-base-pair constructs. They report, however, only the semiqualitative result that all five 

constructs transfer with rates of ~100 s−1, arguing that “difference in the rates (…) of only 

one order of magnitude (…) may not be detectable by our analysis.” In a third, Barton and 

co-workers21 used cyclic voltammetry to measure transfer rates from the Nile blue placed on 

the termini of constructs of either 100 or 17 base pairs. They report that the rates they 

observe (39 and 25 s−1, respectively) are “indistinguishable”, but as they do not provide any 

error analysis, it is diffcult to ascertain the confidence that can be assigned to this claim. In 

two follow up papers Slinker and co-workers12,28 used cyclic voltammetryto determine the 

length dependence of transfer from sets of 17-base-pair constructs with either Nile blue or 

perylenediimide placed at position 4, 9, 13, or 17. However, the rates reported for the first 

three constructs in the first set and all four constructs in the second set are within 

experimental error of one another; thus, these data provide little evidence in favor of any 

length dependence. In short, the few prior reports on the length-dependence of electron 

transfer from electrode-bound DNA provide no significant evidence in support of (or 

against) either the hopping or tunneling mechanisms.

In response to the above observations, we used chronoamperometry to measure the length-

dependence of electron transfer from a set of eight fully double-stranded constructs ranging 

in length from 13 (the shortest construct estimated to be stable under our experimental 

conditions60) to 50 basepairs. Upon doing so, we observe rates varying from 1.6 ± 0.4 to 4.8 

± 1.6 s−1 (Figure 4). To our surprise, these rates do not depend monotonically on length but 

instead rise and fall. Looking at this in more detail, we find that the rates are reasonably well 

described by a sine curve with an unconstrained “best fit” period of 11.3 ± 0.7 base pairs, a 

value corresponding (within error) to the number of base pairs per turn in A−T-rich DNA.58 

Given this, we believe that higher rates are seen when the periodicity of the helix positions 

the reporter on the same side of the double helix as the linker, thus allowing the reporter to 

approach the electrode surface more closely (Figure 4), suggesting in turn that transfer is 

driven by direct contact between the redox reporter and the surface and is not mediated by 

through-DNA transport. That is, we believe transfer requires direct contact with the surface, 

and this contact becomes “easier” every 11.3 base pairs, presumably because the DNA 

duplexes are either lying flat on or otherwise transit to the surface due to rapid structural 

dynamics.

The electron transfer we describe here from a redox-reporter-modified, double-stranded 

DNA appears to occur via contact-mediated exchange between the reporter and the surface 

and does not involve significant through-DNA charge transport. Our arguments to this end 

are 3-fold. First, the presence or absence of guanine, which are thought necessary to support 

rapid, hopping-based through-DNA transfer,1 does not significantly alter the transfer rate. 

Second, the presence of a mismatch, which is argued to disrupt the integrity of the π−π 
stacking necessary to support rapid through-DNA transfer,21,26likewise does not 

significantly alter the transfer rate. Finally, the transfer rate exhibits the sine-wave 

dependence on length expected for contact-mediated transfer rather than the power-law 

relationship expected for guanine-mediated through-DNA transport or the exponential 

distance dependence expected for through-DNA tunneling. Thus, while we obviously cannot 

speak to all possible experimental conditions, effcient through-DNA electron transfer does 
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not appear to occur under the (commonly employed)10,22,23,28 conditions we have explored 

here.

MATERIALS AND METHODS

Materials and Instruments.

Potassium chloride, potassium phosphate dibasic, sodium chloride, sodium phosphate 

monobasic, and sodium hydroxide were acquired from Fischer Scientific. 6-Mercapto-1-

hexanol, phosphate-buffered saline (1× PBS, pH 7.4), and tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP) were obtained from Sigma-Aldrich. Sulfuric acid was obtained from 

EMD, and fritted Ag|AgCl electrodes and platinum wire were from CH Instruments. 

Insulated pure gold (75 μm diameter, 64 μm insulation thickness) was purchased from A-M 

Systems. To fabricate working electrodes, segments of gold wire were insulated using a 

heat-shrink polytetrafluoroethylene insulation (PTFE, HS Sub-Lite-Wall, 0.02 in, black-

opaque, Lot #17747112–3) from ZEUS and soldered to gold pins purchased from CH 

Instruments. All of the above materials and reagents were used as received. In all 

electrochemical measurements, a three-electrode setup was used consisting of Ag|AgCl 

reference, platinum counter, and gold working electrodes, with a GAMRY Reference 600+ 

potentiostat/galvanostat/ZRA.

Gold Electrode Fabrication and Electrochemical Cleaning.

Segments of gold wire were cut (7 cm in length) and stripped of their insulating coatings at 

both ends (1 cm in length). The insulated body of the wires was coated using two layers of 

heat-shrink PTFE tubing. To facilitate connection with the potentiostat, a gold pin was 

soldered to one end of the electrode and this contact further coated with insulating connector 

paint (MG Chemicals). Finally, the uninsulated end of the electrodes was cut to a final 

length of 3 mm prior to electrochemical cleaning with the following protocol: (1) 300 cycles 

between −1 and −1.6 V in a solution of 0.5 M NaOH at 1 V s−1 toremove any residual thiol/

organic contaminants on the electrode surface and (2) pulsed between 0 and 2 V for 16 000 

cycles with a pulse length of 0.02 s in 0.5 M H2SO4 to increase the electrode roughness, 

which can be easily observed through a darkened electrode color, as previously reported.61

Functionalization of Gold Electrodes.

The stock of the thiolmodified strands (1 μL of 100 μM) was reduced using 10 mM TCEP 

for 1 h at room temperature. The concentration of the reduced DNA was adjusted to 200 nM 

(for lower packing densities) or 3 μM (for higher packing densities) based on its adsorption 

at 260 nm. To functionalize the electrodes, the freshly cleaned gold electrodes were 

immersed into such a DNA solution for 1 h at room temperature. The electrodes were then 

rinsed with excess 1× PBS (137 mM sodium chloride, 10 mM hydrogen phosphate, and 1.76 

mM potassium chloride; conditions under which the estimated60 melting temperature of the 

shortest construct is ~ 34 °C) prior to their immersion in a 5 mM 6-mercapto-1-hexanethiol 

solution for overnight incubation.
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Chronoamperometry.

The freshly modified electrodes were rinsed and moved into a 1× PBS buffer solution. O2 

was removed from the cell using a constant stream of argon and added the complementary 

strand to a final concentration of 100 nM. To determine the potential steps to be used in the 

experiment, a cyclic voltammogram was recorded between 0 and −0.4 V at a 100 mV s
−1scanning rate. Using this voltammogram, a reductive potential (E1) at the negative tail end 

of the methylene blue reduction feature and an oxidative potential (E2) at its positive tail end 

(Figure S3, SI) were selected. The pulse width was adjusted to 100 μs to resolve the entire 

current decay trace obtained after applying the reductive step. Because the resulting 

chronoamperogram covered a large range of currents (nanoampere to milliampere), the 

electrodes were serially interrogated with the same potential pulse program but with varying 

sensitivity limits. To improve signal-to-noise ratios, these measurements were repeated 300 

times for each electrode, and signal averaging was performed. To record time courses and 

study equilibration times for complete hybridization, the electron transfer rates of the current 

decay were monitored in real time. For this, data acquisition was started, and after collecting 

a baseline of 100 chronoamperograms, the corresponding DNA complement was added at a 

concentration of 100 nM (Figure 2A). The real-time data acquisition and calculation of the 

electron transfer rates were performed by employing a previously published custom-made 

MATLAB script.50,52 This script extracts electron transfer rates via least-squares fitting of 

the chronoamperograms to a single-exponential decay.

The packing densities of our constructs were calculated by integrating the area under the 

curve of the cyclic voltammogram corresponding to the reduction reaction of methylene 

blue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
To investigate the electron transfer kinetics of DNA duplexes, we designed redox-reporter-

modified guanine-free, guanine-rich, and mismatch-containing constructs attached via one 

end to a mercaptohexanol monolayer on a gold electrode. As the redox reporter (labeled 

“R”), we use methylene blue, which is commonly used to monitor through-DNA electron 

transfer.16,17,19,20,22,35,36,43,51 To measure the rate of transfer fromsuch constructs, we use 

chronoamperometry, an approach that determines electron transfer kinetics with improved 

precision than can generally be achieved by the previously employed voltammetric 

techniques.52 Shown, for example, are current decays measured for a 16-base DNA 

sequence in its single- and double-stranded forms. Fitting these to a single-exponential 

decay returns kapp = 150 ± 3 s−1 for the single-stranded constructcontaining only adenine 

and thymine and kapp = 2.8 ± 0.9 s−1 when its complement is added (at 100 nM) and the 

system is allowed to hybridize. (The “error bar” intervals quoted for these numbers as well 

as those reported or illustrated elsewhere in this paper reflect 95% confidence intervals 

estimated from replicate measurements conducted on 12 independently fabricated 

electrodes.)
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Figure 2. 
We have used chronoamperometry to monitor the electron transfer rates associated with 

surface-attached, redox-reporter-modified DNAs. (A) To ensure that the surface-attached 

DNA is fully in its hybridized, double-stranded state, we record chronoamperograms every 

second after the addition of 100 nM of the complementary strand. A plot of the resulting 

chronoamperograms in their “chronocoulommogram” format (charge transferred versus 1/

time) clearly illustrates the evolving relative populations of single- and double-stranded 

molecules. Specifically, the overlaid chronocoulommograms exhibit an “isosbestic” point 

(point at which all the curves cross), indicating that the system only populates two states: 

single-stranded DNA transitions into fully double-stranded DNA without ever significantly 

populating any partially hybridized states. (B) If, instead, we hybridize the DNA prior to 

attaching it to the surface,21,41,43 we find that the transfer rate we observe (112 ± 30 s−1) is 

intermediate between those of the single-stranded (150 ± 3 s−1) and fully duplex (2.8 ± 0.9 s
−1) states (see chronocoulommograms in Figure S2, SI), suggesting that single-stranded 

DNA is formed during the deposition process.55,56 Shown are data for a 16-base construct 

lacking guanine bases at a packing density of 2.9 pmol cm−2.

Dauphin-Ducharme et al. Page 12

J Am Chem Soc. Author manuscript; available in PMC 2019 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Rate of electron transfer associated with duplex DNA is not a significant function of its 

sequence composition, presence or absence of a mismatch, or even its relative surface 

coverage on the electrodes (i.e., packing density), a result that holds at both (A) lower and 

(B) higher packing densities. For example, the rate associated with a fully complementary, 

40-base-pair guanine-free construct is effectively indistinguishable from that of a construct 

in which we have replaced more than half of the A−T base pairs by G−C base pairs. The 

introduction of a C−A mismatch (at base pair 11) in either construct likewise does not 

measurably alter the transfer rate. The “error bars” shown again reflect 95% confidence 

intervals estimated from replicate measurements conducted on 12 independently fabricated 

electrodes.
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Figure 4. 
Studies of the length dependence of transfer from guanine-free duplexes suggest that 

electron transfer is influenced by the position of the redox reporter with respect to the 

electrode surface. Specifically, the length dependence of transfer from a series of A−T 

duplexes fits a sinusoidal function with a period of 11.3 ± 0.7 base pairs (this is the best-fit 

value using an unconstrained value for the period of the sine wave). Perhaps tellingly, this 

periodicity is within error of the number of base pairs per turn for A−T-rich duplexes.58 

From this we hypothesized that the surface-attached DNA duplexes are either lying flat or 

transiently “lean over” and collide with the electrode surface, and thus, the orientation of the 

redox reporter relative to the face of the DNA on which the flexible surface attachment point 

is located defines the transfer rate. This implies that the transfer rates measured 

electrochemically in systems such as the ones we (and others16,21,26,36) have employed 

originate from an alternate mechanism in which electrons tunnel to the redox reporter only 

when structural dynamics in the DNA bring the reporter in close proximity to the electrode 

surface.59
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Table 2.

Anchor and Corresponding Complement Nucleotide Sequences Employed
a

construct label 5′-termini DNA sequence 3′-termini

1 HS ATTAT TTTTT ATT MB

1c AAT AAAAA ATAAT

2 HS ATTAT TTTTT ATTTA T MB

2c A TAAAT AAAAA ATAAT

3 HS ATTAT TTTTT ATTTA TTTTT MB

3c AAAAA TAAAT AAAAA ATAAT

4 HS ATTAT TTTTT ATTTA TTTTT ATTTT A MB

4c TAAAA TAAAA ATAAA TAAAA AATAA T

5 HS ATTAT TTTTT ATTTA TTTTT ATTTT ATTTT MB

5c AAAAT AAAAT AAAAA TAAAT AAAAA ATAAT

6 HS ATTAT TTTTT ATTTA TTTTT ATTTT ATTTT ATTTT TT MB

6c AAAAA ATAAA ATAAA ATAAA AATAA ATAAA AAATA AT

7 HS ATTAT TTTTT ATTTA TTTTT ATTTT ATTTT ATTTT TTATT MB

7c AATAA AAAAT AAAAT AAAAT AAAAA TAAAT AAAAA ATAAT

7m AATAA AAAAT AAAAT AAAAT AAAAA TAAAC AAAAA ATAAT

8 HS ATGGC TTGGC ATGGC TTGGC ATGGC ATGGC ATGGC TTGGC MB

8c GCCAA GCCAT GCCAT GCCAT GCCAA GCCAT GCCAA GCCAT

8m GCCAA GCCAT GCCAT GCCAT GCCAA GCCAC GCCAA GCCAT

9 HS ATTAT TTTTT ATTTA TTTTT ATTTT ATTTT ATTTT TTATT TATTT TTATT MB

9c AATAA AAATA AATAA AAAAT AAAAT AAAAT AAAAA TAAAT AAAAA ATAAT

a
HS represents a SH(CH2)6 hexanethiol chain that was used to anchor the chain on a 6-mercapto-1-hexanol monolayer, and MB represents a 

covalently attached methylene blue at the phosphate backbone terminus. The synthesis and modifications of all constructs were performed using 
standard phosphoramidite solid-phase chemistry by BioSearch Technologies Inc. and constructs were dual-HPLC purified.
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