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Abstract

Outer membrane protein G is a monomeric β-barrel porin that has seven flexible loops on its 

extracellular side. Conformational changes of these labile loops induce gating spikes in current 

recordings that we exploited as the prime sensing element for protein detection. The gating 

characteristics - open probability, frequency and current decrease - provide rich information for 

analyte identification. Here, we show that two antibiotin antibodies each induced a distinct gating 

pattern, which allowed them to be readily detected and simultaneously discriminated by a single 

OmpG nanopore in the presence of fetal bovine serum. Our results demonstrate the feasibility of 

directly profiling proteins in real-world samples with minimal or no sample pretreatment.

Nanopore sensing is a single molecule technique that measures the ionic current flowing 

through a nanoscopic pore in a membrane1–3. Analytes are detected when they cause 

transient current blockades as they bind or translocate through the pore. The intensity and 

duration of the blockades provide information about the structure, size and dynamic 

properties of analytes while the frequency of the blocking events indicates the concentration. 

Nanopores have been used to detect a large variety of analytes4, ranging from small 

molecules, e.g. metal ions5, organic chemicals6, 7 and large biological macromolecules, 

including nucleic acids8–11 and proteins.12 For protein sensing, nanopores are usually 

coupled with a binding site for target proteins to ensure specific detection. The high affinity 

binding sites used so far have been derived from ligands,13, 14 inhibitors,15 peptide 

sequences,16, 17 antibodies18 and aptamers.19–21 These binding sites are either introduced 

inside of the nanopore,18, 21 located at the entrance,17, 19, 20 or conjugated with an auxiliary 

polymer in the solution.13, 22–24 In the latter case, detection is achieved when an analyte 

binds to a ligand at a polymer and alters the characteristic ionic current signatures derived 

from the polymer translocation through the nanopore.22, 23
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Outer membrane protein G (OmpG) is a 14 stranded β-barrel protein derived from 

Escherichia coli (E. coli).25–27 Compared to other well studied protein nanopores, e.g. 

αHL28 and MspA9, 29 that are rigid, oligomeric membrane protein channels, OmpG is a 

monomeric protein with seven long flexible loops decorated at the extracellular entrance 

(Fig. 1)30. Loop 6 is the most flexible loop, causing the OmpG protein pore to oscillate 

between the open and closed states.25, 31–33 As a result, OmpG exhibits frequent gating in 

current recordings (Fig. 1). Although pores exhibiting continuous nongating conductance 

have been considered a necessity for nanopore sensing, the gating noise/pattern of OmpG 

has been exploited as a sensing element for protein detection.34, 35 In OmpG sensing, 

analyte binding induces not only a current decrease by obstructing the pore entrance, but 

also a significant change in gating patterns by altering the dynamic movement of loop 6.34 

The gating pattern is sensitive to the interface formed between OmpG and analyte 

proteins.35 Characteristics of gating, such as open probability, gating frequency, event 

duration and inter-event duration of the gating events provide multiple parameters for 

analyte identification. Using this strategy, multiple analytes were identified and 

simultaneously discriminated using a single OmpG nanopore in buffered solutions.34

One of the main challenges of protein sensing using nanopores is to identify target proteins 

in a complex mixture.36 Most experiments have been performed under ideal conditions 

using only pure analytes in buffers. To apply this technique as a diagnostic tool for medical 

use, it is necessary to test the applicability of nanopores for detecting target analytes in 

clinically relevant samples, e.g. serum, urine or saliva. In this work, we show that two 

antibiotin antibodies can be readily detected and simultaneously discriminated by a single 

OmpG nanopore in the presence of 10-fold diluted serum. Our results demonstrate the 

feasibility of directly profiling proteins in real-world samples with minimal or no sample 

pre-treatments.

EXPERIMENTAL SECTION

Chemicals and reagents

All chemicals were obtained from Fisher Scientific or Boston Bioproducts unless otherwise 

stated. Chemicals were used without further purification. SB58C mouse monoclonal 

antibody was obtained from Southern Biotech (Cat# 6406-01) and BTN.4 mouse 

monoclonal antibody was obtained from Thermo Scientific (Cat# MS-1048-P1). 

Diphytanoylphosphatidylcholine (DPhPC) lipids were obtained from Avanti Polar Lipids. 

Teflon film was obtained from Goodfellow. The maleimide-PEG2-biotin linker was obtained 

from Thermo Scientific. Octylglucoside (OG) was obtained from Gold Bio-technology. 

Hexadecane and pentane were obtained from Sigma Aldrich.

OmpG biosensor preparation

OmpG D224C was purified and labeled with maleimide-PEG2-biotin as previously 

described.34, 35 Briefly, OmpG D224C was expressed in BL21 (pLys) E. coli as inclusion 

bodies. The inclusion body pellet was solubilized in 8 M Urea, 50 mM Tris·HCl pH 8, 2 mM 

DTT for an hour prior to loading onto a HiTrap Q FF (GE Healthcare Life Sciences). OmpG 

D224C was then eluted with a gradient of 0–500 mM NaCl, 50 mM Tris-HCl, pH 8.0, 8 M 
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urea and 2 mM DTT over 60 minutes. Purity of OmpG D224C was verified by SDS-PAGE. 

Prior to labeling, OmpG D224C was desalted in 50 mM HEPES buffer, pH 7.0 and 8 M 

Urea to remove DTT and adjust the pH. OmpG D224C was then labeled with maleimide-

PEG2-biotin by mixing OmpG and ligand in a 1:10 molar ratio for 2 hours with constant 

shaking at room temperature. OmpG was desalted once more in 50 mM Tris-HCl buffer, pH 

8.0 in 8 M Urea to remove excess chemicals. OmpG was then diluted 1.5 times in refolding 

buffer 20 mM Tris-HCl, pH 9.0 with 3.25% octylglucoside and incubated for three days at 

37 °C. Refolding and labeling efficiency was tested via a gel-shift assay as previously 

described (Figure S1).34 OmpG-biotin was stored at −80 °C in 20% glycerol until further 

use.

Single Channel Recording

Single channel recording was done as previously described.34 Briefly, a 100 μm diameter 

aperture on a 25 μm thick Teflon film separating two chambers was painted with 10% 

hexadecane in pentane. The pentane was allowed to evaporate prior to filling the two 

chambers with buffer (10 mM sodium phosphate pH 6, 300 mM KCl). The bilayer was 

formed by adding 15 μL 10 mg/mL DPhPC lipids in pentane on the aqueous surface of each 

chamber. Once the pentane evaporated, the buffer was pipetted up and down to coat the 

aperture with lipids. A Ag/AgCl electrode, with the cis electrode connected to ground, was 

immersed in each chamber. OmpG was pipetted into the cis chamber and 200 mV was 

applied to promote pore insertion into the bilayer. Once a pore was inserted, the voltage was 

decreased to 50 mV. Since OmpG inserts into the bilayer bidirectionally, the pore gating 

behavior was observed at both positive and negative 50 mV for five minutes to determine 

pore orientation.37 All analyte proteins were introduced to the chamber where the OmpG 

loops are located. Unlabeled OmpG D224C was tested with SB analyte and did not generate 

a change in gating behavior (Figure S2). The positive potential is defined as the chamber 

where the loops are facing is positive. All data was acquired at ±50 mV unless otherwise 

stated. The Axopatch 200B integrating patch clamp amplifier (Axon Instruments) was used 

to amplify the current and a 2 kHz Bessel filter was applied. Data was digitized with a 

Digidata 1320A/D board (Axon Instruments) and acquired at a sampling rate of 100 μs.

Analysis of gating characteristics

Gating characteristics used for generating the fingerprint are defined as shown in Figure S3. 

To calculate the gating characteristics of SB and BT binding 10 events of at least 1 s from 

three independent traces were analyzed using the single channel search function in Clampfit 

10.3. Errors represent the standard deviation from the three independent pores.

RESULTS AND DISCUSSION

Our OmpG nanopore contains a tethered biotin ligand that can extend into the solution by 30 

Å (Fig. 1). We first examined whether an OmpG-biotin nanopore could detect an antibiotin 

monoclone, SB58C (SB). Addition of 1nM SB to the loop-facing chamber induced a 

significant change in current traces (Figure. 2). At −50 mV, OmpG-biotin nanopore in the 

SB bound state exhibited the following characteristics: i) the current of the fully open state 

decreases slightly by 2 pA as shown in the histogram (Figure 2a, b&c); ii) the current traces 
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displayed gating patterns markedly different from that of the unbound states (Figure 2a, b). 

Interestingly, the gating pattern of the SB bound state is heterogeneous, i.e. a single SB 

binding event induced three different current fluctuation patterns which we named types A, 

B and C (Figure 2d). We categorize the three types of gating patterns by their open-pore 

current, open probability and gating frequency (Supporting information Table S1). Type A 

gating shows that the current was almost constant at −18.3 ± 0.8 pA which is 62 % of the 

fully open state current. Due to the lack of full gating events, the open probability is 1 and 

the gating frequency is 0 (Fig. 2c,d). Type B binding shows that OmpG stays mostly closed 

where the open probability reduces from 0.76 ± 0.03 to 0.13 ± 0.04 with a residual current 

of 2.1 ± 0.5 pA and a lowered gating frequency of 32 ± 4 s−1 (Figure 2d). Type C gating 

shows that the current fluctuates rapidly with a gating frequency of 77 ± 3 s−1, a 13% 

increase over that of the unbound state (68 ± 5 s−1) and has an open probability of 0.60 

± 0.06. Each single SB binding event contains multiple combinations of these three types of 

gating (Fig. 2a). This result is interesting as none of the previous biotin-binding protein 

analytes, including three streptavidin homologues and three biotin antibodies showed such a 

phenomenon.34, 35 Because the gating pattern of the analyte bound state is dictated by the 

interaction between analyte and OmpG surface, this result indicates when SB bound to the 

tethered ligand, it often altered the way in which it interacted with the OmpG surface. Our 

previous study demonstrated that electrostatic attractions are the dominant force that triggers 

the interaction between analyte and the OmpG loops.35 Consistent with our previous finding, 

increasing the salt concentration to 1 M KCl in the recording buffer almost abolished the 

type B and A binding while the type C binding became similar to the unbound state (Figure 

S4). Here, we speculate that the SB antibody might contain multiple positively charged 

regions separately located in areas close to the biotin-binding site. Each positive region can 

form a unique binding interface with the negatively charged OmpG loops which triggers a 

gating pattern different from each other. The ability to trigger multiple gating signatures 

within one binding event is a great advantage for analyte identification and reveals the 

sensitivity of our OmpG sensor to subtle changes in the analyte surface. At +50 mV, we also 

observed that a single SB induced the three types of gating patterns albeit with slight 

variations from those at −50 mV. For example, in Type A binding, the open current changes 

more than at −50 mV, to 54% of the fully open state current (Supporting information Table 

S1). Type B has essentially no residual current and a gating frequency of 59 ± 10 s−1. 

Finally, type C gating frequency is 149.5 ± 8.2 s−1 (a 38% increase to that of the unbound 

state) and an open probability of 0.68 ± 0.05 (17% reduction from the unbound state). This 

observation is consistent with previous finding that the polarity of voltage has a strong 

influence on the gating characteristics of the analyte bound state. This is due to two factors: 

i) the polarity of voltage has a strong influence on the gating of OmpG which exhibits 

asymmetric current gating at positive and negative potential 34 and ii) the voltage could alter 

the strength of OmpG and analyte interaction through electroosmotic and/or electrophoretic 

effects. The binding of SB to OmpG-biotin nanopore was specific as no change in behavior 

occurred with un-biotinylated OmpG D224C (Fig. S2). The SB antibody appeared to have a 

high affinity for the biotin ligand as the binding events usually lasted for at least 2 min, 30 

times longer than that of a monoclonal antibody BTN.4 that was previously tested, which 

had a dissociation constant of 1.12 ± 0.28 × 108 M−1.34 SB bound for so long that we were 

not able to calculate the binding kinetics, mainly because the bilayer does not last long to 
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allow to collect enough (~1000) events for accurate data analysis. The lowest concentration 

of SB we detected was 15 pM within 60 min indicating the high sensitivity of our approach.

Previously we have demonstrated that the OmpG-biotin nanopore could discriminate among 

three biotin antibodies in an antibody protein mixture. To use OmpG nanopore in clinical 

applications, OmpG would need to detect analyte and possibly discriminate among 

homologous proteins in serum. Therefore, we investigated how the presence of serum 

affected the gating of the OmpG-biotin nanopore. In the presence of 25% (v/v) serum the 

bilayer was unstable, thus we lowered the concentration to 10% (v/v). Addition of 10% (v/v) 

serum to the chamber where the loops were located induced a noisier gating signal in the 

OmpG nanopore (Fig. 3). The gating frequency almost doubled at −50 mV (Table S2). Also, 

the inter-event duration is significantly changed from 6.37 ± 1.88 ms to 0.96 ± 0.31 ms, a 

6.6-fold reduction. The open probability and event duration were also affected, undergoing a 

5% and 61% reduction, respectively (Table S2). At +50 mV, not only was there an increase 

in gating behavior but also frequent full blockage events were observed. These blockages 

could last from seconds to minutes if left unperturbed. Unblocking the pore could be 

achieved by switching the voltage polarity from +50 to −50 mV. The increased gating 

frequency and the long closures were likely due to the interaction of serum constituents. 

These included small molecules and proteins that may have been driven by diffusion, 

electro-osmosis or electrophoresis into the OmpG lumen. Importantly, despite the high 

protein content in serum, we did not observe any gating pattern changes that were similar to 

the analyte protein binding, thereby demonstrating the high specificity of OmpG nanopore 

detection.

Because the serum-induced blockages at +50 mV reduced the fraction of time the nanopore 

was able to receive an analyte, we focused on testing the discriminatory ability of OmpG-

biotin at −50 mV. As shown in Fig 4a, the addition of two monoclonal antibodies SB58C 

(SB) and BTN.4 (BT) to the recording chamber containing only buffer triggered binding 

signals with distinct characteristics that can be recognized qualitatively. Both proteins 

induced a slight decrease in open pore current (Fig. 4b). The SB-type binding exhibits its 

typical heterogeneous gating signal while the BT-binding triggered a gating pattern 

containing a partially closed state with a residual current of 6 pA, which is consistent with 

previous finding when BT was added to the OmpG-biotin alone.34 Thus, in the absence of 

FBS, OmpG could discriminate SB from BT by their respective binding signatures (Fig. 4a, 

b&c). Although a previous study has also shown a protein A coated solid-state nanopore can 

discriminate IgG species, the detection relied on their difference in dwell times, which differ 

by an order of magnitude.18 Although BT and SB possessed markedly different dwell times 

(Figure S5), differentiation among the two analytes by OmpG was achieved through their 

characteristic binding signals. Therefore, this detection mechanism would allow the 

differentiation of different analytes that have similar dwell times, an advantage that is 

beginning to be seen with other engineered nanopores.20, 38

In the presence of 10% (v/v) serum, the current traces of SB and BT bound states were 

noisier than those without serum (Fig. 4). Nevertheless, individual binding signatures of SB 

and BT were well-preserved; both analytes still induced a decrease in the open pore current. 

The heterogenous gating pattern induced by SB was readily visible. Clearly, the different 
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gating patterns between SB and BT allowed us to resolve between two homologues in serum 

(Fig. 4). To quantitatively study how serum affected the gating of the analyte-bound state, 

we calculated five parameters: open probability, gating frequency, event duration, inter-event 

duration and open pore current in the presence and absence of serum. When BT bound to 

OmpG-biotin in the presence of serum, the open probability, event duration and open pore 

current were not significantly different from those in the absence of serum (Table S2). The 

inter-event duration was decreased by ~1.5 times and the gating frequency increased by 1.3 

times. Similar to BT, moderate changes were also observed for SB type C binding 

characteristic in the presence of FBS. FBS showed little effect on the type A and type B 

signals probably due to the lack of gating in these two types of signals. In previous studies, 

we used the relative values of bound and unbound states to create a fingerprint for analyte 

identification.34, 35 The gating fingerprint of BT in the presence of serum compared to the 

absence of serum was different. This altered fingerprint in the presence in serum was due 

mainly to the non-specific effects of serum molecules on OmpG gating, rather than a direct 

effect on the antibody-OmpG interaction. Despite the effect of serum, the fingerprints of the 

two analytes are clearly distinguishable.

Next we analyzed the effect of serum on the kinetics of analyte binding. The association rate 

constant kon and dissociation rate constant koff of BT were calculated from the τon and τoff, 

respectively, in the absence and presence of FBS (Figure S6). The koff value slightly 

increased in serum from 0.30 ± 0.09 (n=3) to 0.24 ± 0.05 s−1. However, the kon value 

decreased from 2.27 ± 0.52×107 M−1s−1 to 0.83 ± 0.18×107 M−1s−1 by ~3-fold in FBS. The 

slower kon of BT in the presence of serum could be due to molecular crowding effects in the 

high concentration of serum proteins that interact non-specifically with BT and slow its 

diffusion.39 This result indicates the serum slightly impedes the sensitivity of OmpG, since 

detection of the same amount of the binding events in buffer would require longer operating 

time in serum.

Recently several reports have focused on the issue of sensing specific analytes in protein 

mixtures.16, 22 Specifically, an engineered phi29 nanopore containing an engineered peptide 

sequence was shown to detect a target antibody in 1% (v/v) serum.16 In this study, current 

blockage histograms of antibody binding in the presence of serum exhibited two slightly 

overlapping peaks corresponding to the target protein and serum protein, respectively. 

Because a small portion of serum protein binding events induced current blockades similar 

to target antibody, detection could be achieved only when the concentration of target protein 

is significantly above the interfering impurities. Our work shows that the target binding 

signals are readily distinguishable from that of serum constituents, allowing unambiguous 

recognition of each target binding events. Moreover, the fact that OmpG could distinguish 

two homologous analytes in the presence of serum represents an exciting step forward in 

nanopore sensing. To date, our OmpG-biotin sensor has been able to discriminate among 

eight analytes: two monoclonal antibodies, two polyclonal antibodies34 and four avidin 

glyco-isoforms.35 To our knowledge, no other nanopore thus far has shown such selectivity 

towards as many analytes. The flexible structure of OmpG may adopt distinct conformations 

for each analyte, which serves as the foundation for generating many unique current gating 

signals. The high selectivity of the OmpG nanopore can be exploited for profiling of protein 

homologous or post-translationally modified isoforms. The ability to identify cell-specific 

Fahie et al. Page 6

Anal Chem. Author manuscript; available in PMC 2016 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isoforms could aid in the discovery of potential therapeutic targets and disease 

diagnostics.40, 41 Thus, as a complementary approach to mass spectrometry and protein 

micro-arrays for proteomic study, our OmpG nanopore sensor provides a powerful detection 

platform that could deliver rapid readouts with little or no sample preparation.

CONCLUSIONS

In this study, we have shown that the OmpG nanopore is able to simultaneously detect 

multiple homologous antibody analytes in serum with high specificity and selectivity. Our 

study demonstrates the feasibility of protein isoforms profiling in a real-world setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The open (2IWV) and closed (2IWW) structures of OmpG with the loop 6 highlighted in 

red. The ionic current trace was obtained in 10mM sodium phosphate pH 6, 300mM KCl 

buffer.
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Figure 2. 
Detection of SB58C by OmpG-biotin nanopore. (a,b) The electrophysiology traces and all 

events histograms of unbound (UB) and SB-bound states of OmpG-biotin at −50 mV and 

+50 mV. (c) Zoomed-in electrophysiology traces and all-events histograms of the unbound 

state and (d) the three independent SB-binding states types A, B and C. Buffer used was 10 

mM sodium phosphate pH 6, 300 mM KCl. 1nM SB antibody was added to the recording 

chamber. SB binding was recorded with a 2 kHz Bessel filter at a sampling rate of 100 μs.
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Figure 3. 
The effect of serum on the gating behavior of OmpG-biotin. 100 μl of FBS was added to the 

loop-containing chamber to a final concentration of 10% (v/v). The buffer was 10 mM 

sodium phosphate pH 6.0, 300 mM KCl. OmpG was recorded with a 2 kHz Bessel filter at a 

sampling rate of 100 μs.
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Figure 4. 
Discrimination of two antibodies in the presence of serum. (a) Binding of SB (blue) and BT 

(red) to OmpG-biotin in the absence of serum. (b) Electrophysiology traces and (c) 

histograms of the unbound state in comparison with the BT and SB bound states. Buffer 

used was 10 mM sodium phosphate pH 6.0, 300 mM KCl and recorded at −50 mV. SB (1 

nM) and BT (5 nM) were added to the recording chamber. (d) BT and SB binding in the 

presence of serum. (e) Electrophysiology traces and (f) histograms of BT and SB binding in 

the presence of serum. In addition to SB and BT, serum (10% v/v) was added to the loop-

containing chamber. SB and BT binding were recorded with a 2 kHz Bessel filter at a 

sampling rate of 100 μs.
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Figure 5. 
The effect of serum on the fingerprint pattern of BT and SB. The gating events of different 

analyte protein binding states were characterized by five parameters, i.e. open probability, 

gating frequency, inter-event duration, event duration and the conductance of the open pore 

state. Changes of these parameters relative to the no binding state generate the fingerprint 

unique for each antibody. For SB, the three types of gating pattern were analyzed separately. 

The error bars indicate standard deviations from at least three independent pores.
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