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Abstract 
 

Nanopores hold great potential for the analysis of complex biological molecules at the single 

entity level. One particularly interesting macromolecular machine is the ribosome, responsible 

for translating mRNA into proteins. In this study, we use a solid-state nanopore to fingerprint 

80S ribosomes and polysomes from a human neuronal cell line and, Drosophila melanogaster 

cultured cells and ovaries. Specifically, we show that the peak amplitude and dwell time 

characteristics of 80S ribosomes are distinct from polysomes and can be used to discriminate 

ribosomes from polysomes in mixed samples. Moreover, we are able to distinguish large 

polysomes, containing more than 7 ribosomes, from those containing 2-3 ribosomes, and 

demonstrate a correlation between polysome size and peak amplitude. This study highlights 

the application of solid-state nanopores as a rapid analytical tool for the detection and 

characterization of ribosomal complexes. 

 

 

Introduction 

 

The analysis of individual biomolecular entities with nanopores is quickly emerging as a 

powerful bio-analytical tool. The technique is based on the principle of resistive pulse 

sensing[1,2] wherein the temporary disruption in the measured ion current resulting from the 

passage of biomolecules through a nanopore is employed to study the size and conformation 

of the biomolecule. Over the years, nanopore sensing has been applied for numerous 

biomolecular analyses including DNA translocation studies, protein detection and nanopore-

based nucleic acid sequencing[3–5].  

 

The single molecule sensitivity of the technique has also gained increasing attention in the field 

of RNA biology[6] and in particular, biological nanopores have been widely used as RNA 

sequencing tools for molecular and clinical studies[7–9]. Besides sequencing, nanopores with 

their ability to distinguish small differences in charge and size of the translocating molecules 
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are also excellent detection systems for studying the structure and conformation of RNA 

molecules. Accordingly, nanopores have been used for exploring RNA translocation 

dynamics[10], tRNA translocation kinetics[11] and to investigate the folding of RNA pseudoknot 

structures[12]. Nanopores have also been previously used to detect bacterial 50S ribosomal 

subunits and control their translocation[13], and recently Rahman et al., reported the 

programmable delivery of 70S ribosomes with a nanopore integrated in an optofluidic chip[14].   

 

Despite these achievements, detection and analysis of individual ribosomes via nanopores has 

not yet been accomplished. Ribosomes are macromolecular machines comprising of RNAs and 

proteins that coordinate mRNA-guided peptide synthesis, a process known as translation. 

Eukaryotic ribosomes are composed of two subunits, the small 40S and the large 60S, which 

come together to form the 80S ribosomal complex during initiation of translation[15,16]. Each 

peptide synthesis event requires only one ribosome (monosome), however high levels of 

translation demand that multiple ribosomes bind an mRNA and synthesise peptides 

simultaneously. These multi-ribosome complexes are known as poly-ribosomes or 

polysomes[17–19](Figure 1). Monosomes can represent efficient translation events but also 

spurious mRNA binding without generating a peptide, whereas the binding of multiple 

ribosomes to an mRNA is highly indicative of an active translation event[18,20]. Therefore, 

isolation and characterization of polysomes is important for gene expression and translational 

control studies[21–24], specifically to investigate the levels of polysomes and monosomes, and 

their dynamics [20,25,26]. 

 

In that regard, polysome profiling is a widely used approach to assess the global translational 

status of cells and tissues by separating large polysomes from small polysomes, single 

ribosomes and smaller RNA-protein complexes[21][27]. Typically, this separation is achieved via 

sucrose density gradient ultracentrifugation, which involves fractionation of sucrose gradients 

to isolate mRNAs with respect to number of bound ribosomes[17,28]. Other techniques include 

affinity purification and ultra-high-pressure liquid chromatography[29]. Although sucrose 

gradient ultracentrifugation is a prevalent method for polysome isolation and analysis, it 

requires sufficiently large quantities for data retrieval, which can be problematic for tissues or 

primary cells where material is limited. Moreover, the technique involves time consuming 

centrifugation, which could also lead to loss of bound proteins[27,30]. 

 

                       
 

Figure 1 a) Schematic sucrose gradient UV trace from S2 cells indicating the types of 

ribosomal complex and how they are separated. b) Illustration of the nanopipette measurement 

setup and representative ion current signatures of monosomes and polysomes upon 

translocation. 
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Here, we propose solid-state nanopores as a quick and efficient analytical tool for the detection 

and analysis of ribosomes at the single-entity level. In this study, we show that characterization 

of nanopore ion current peak enables the detection of individual ribosomes and polysomes from 

both human and Drosophila melanogaster cultured cell lines, as well as D. melanogaster 

ovaries. Furthermore, we demonstrate the successful fingerprinting of polysome samples, 

differentiating large polysomes (>7 ribosomes bound to single mRNA) from polysomes with 

fewer ribosomes in small sample volumes of 3-5 µl. We believe solid state nanopores could 

become a useful tool for ribosome profiling to complement data generated from mass 

spectrometry and cryo-EM[31–33].  

 

Results and Discussion 

 

Detection and analysis of 80S ribosomes 

 

We investigated whether nanopores can detect ribosomes and polysomes with single entity 

resolution. Nanopore translocation experiments were carried out using quartz nanopipettes of 

~60 nm pore diameter, as shown in the SEM image (Figure 2a) with a corresponding resistance 

of 135±10 MΩ measured in 0.1 M KCl. The nanopipettes were produced via laser pulling using 

a two-line pulling parameters (Methods and materials). This method of nanopore fabrication is 

advantageous as it involves a straightforward bench top fabrication that produces low noise 

nanopores with consistent and reproducible pore sizes [34] as indicated in the current-voltage 

plots (Figure 2b). The ribosomal complexes of interest were introduced inside the nanopipette 

in 0.1 M KCl alongside the working electrode and a reference electrode in contact with the 

electrolyte was placed in an external bath. We have also tested the addition of Mg2+ to the 

measurement buffer to stabilize the ribosomes but noticed no difference in the recorded data 

for a 2-minute trace so we used 0.1M KCl for all experiments presented in this work. Upon 

application of a positive voltage to the electrode placed inside the nanopipette, the ribosome 

complexes translocate from inside to the outside of the nanopipette, causing a temporary 

decrease in the otherwise steady the ion current trace (Figure 2c).  

 

80S ribosomes extracted from an embryonically derived D. melanogaster cell line (S2 cells) 

were examined to demonstrate the ability of nanopores to successfully detect individual 

ribosomes. These cells were chosen because it is straightforward to extract large quantities of 

ribosomes and levels of polysomes are relatively high (600 to 1400 µg/mL over the various 

gradients). Figure 2c shows a representative baseline ion current in the absence of 80S 

ribosomes (top trace) and an ion current trace in their presence (bottom trace), under a positive 

bias of 250mV. The downward spikes or events indicate individual ribosome translocations 

across the nanopore. No events were detected under an applied negative voltage indicating that 

the translocation of ribosomes is likely to be controlled by the electro-osmotic flow[35]. A 

typical ion current trace was recorded for two minutes.  

 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 7, 2020. ; https://doi.org/10.1101/2020.08.07.236406doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.07.236406
http://creativecommons.org/licenses/by-nc/4.0/


 
 

Figure 2 a) SEM micrograph of a nanopore at the tip of a nanopipette measuring 

approximately 63 nm in diameter b) IV characteristic of 15 nanopipettes fabricated using the 

same pulling parameter. c) Representative ion current trace in the absence (top panel) and 

presence (bottom panel) of ribosomes, each downward spike, called events, represent an 

individual 80S ribosome translocating out of the nanopore. d) Peak amplitude versus dwell 

time plot of 80S events of S2 cells indicating a tight cluster, the black line represents the 95% 

confidence ellipse. 

Peak characteristic calculations for >100 such events presented a mean peak amplitude and 

dwell time of 40±5 pA and 0.07±0.01 ms respectively, as shown in the supplementary figure 

S1. These data indicate that 80S ribosomes translocate the nanopore causing an ion current 

blockade larger than 5 from the average noise level (i.e. the false positive rate is ~1 in 

1,700,000) demonstrating the ability of solid-sate nanopores to detect 80S ribosomes. The 

scatter plot (Figure 2d) of the events with the individual peak amplitudes versus dwell time 

indicates that all of the observed events cluster together as a single population within a 95% 

confidence ellipse. 

 

We also note that translocation of the small subunit of the ribosome, 40S ribosomal subunit, 

did not result in any detectable events (supplementary figure S2). This observation could be 

explained by considering the smaller size of the 40S subunit compared to the nanopore size 

used in this study or slightly different relative composition in terms of RNA and protein (40S: 

53% rRNA and 47% protein; 80S: 61% rRNA and 39% protein). 

   

Differentiation of 80S monosomes from polysomes 

 

Further, we demonstrate the ability of nanopores to differentiate 80S monosomes from small 

and large polysomes. We selected polysomes with varying number of ribosomes bound per 

mRNA, obtained from D. melanogaster S2 cells. The polysomes were separated into fractions 

via sucrose gradient ultracentrifugation (Methods and materials) and Figure 3a shows the 

separation of the polysomes into 6 fractions. The first four fractions contain approximately 2, 
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3, 4, 5 & 6 ribosomes referred to as p1, p2, p3, p4 respectively, the final two fractions are 

referred as p5 (~7-11 ribosomes) and p6 (~>11 ribosomes) respectively.    

 

 

 
Figure 3 D. melanogaster S2 cell polysome analysis. a) UV (254nm) profile across sucrose 

gradient with ribosomal complexes separated based on their sedimentation profile. RNP 

(ribonucleoproteins and RNA) remain at the top of the gradient, followed by 40S subunits, 60S, 

80S and polysomes with various numbers of ribosomes bound per mRNA. Up to 11 ribosomes 

per mRNA can been seen in this example, fractions were taken as indicated p1, p2, p3, p4, p5, 

and p6. b) Statistical Kruskal-Wallis test for each of the polysome samples against 80S shows 

that there is no significant difference (ns) in the peak amplitude for p1 and p2, whereas there 

is a significant difference with p value of 0.03 (*) for p3 and p<0.001 for p4, p5 and p6 

indicated by ***. Similar tests performed for p1, p3 and p6 shows that there is a significant 

difference between these three polysome samples, with p<0.001 indicated by ***. The error 

bars indicate standard error of mean of each sample. c) Peak amplitude plotted against dwell 

time for at least 100 individual events for each sample, the events are colour coded to represent 

every 100 pA peak amplitude increase. 

 

We analyzed the polysome samples with the nanopore setup and studied the resulting ion 

current events under the same conditions as before. Ion current event characterization of the 

different samples revealed an increasing mean peak amplitude in relation to the ribosome 

number per mRNA (supplementary Figure S3), with a significant difference (p<0.001) as 

shown in Figure 3b. This result can be explained by the increase in the magnitude of the ion 

current blockade caused by an increase in the volume occupied by the sample inside the 

nanopore. Supplementary figure S3 shows the peak amplitude histogram for the different 

polysome samples. The histograms indicate the occurrence of a second cluster of higher peak 

amplitudes, which is in correlation with the number of ribosomes present in the polysome. For 
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example, p1 samples which contain mRNAs bound by ~2 ribosomes exhibited a mean peak 

amplitude of 40±10 pA, whereas p3 bound by ~4 ribosomes and p6 bound by ~>11 ribosomes 

exhibited two mean peak amplitudes (p3 = 44±6 pA and 66±10 pA, p6 = 89±15 pA and 146±20 

pA). Particularly, p6 samples exhibited very high peak amplitudes distributed over a wide 

range that were absent for samples with fewer ribosomes per mRNA.  

 

In comparison, the dwell time analysis resulted in small differences between the different 

polysomes fractions with a varied distribution of events in relation to the ribosome number 

present in the sample (supplementary Figure S3 and S5). The long dwell time events and 

widespread peak amplitudes could be due to multiple polysomes translocating the nanopore at 

the same time or long polysomes translocating the nanopore in various conformations 

(circularized/linear). Individual histogram plots of peak amplitude and dwell time for all the 

polysome samples are provided in the supplementary Figure S3. 

 

From the analysed samples, it is clear that the polysomes exhibit a higher mean peak amplitude 

than the 80S ribosomes. In fact, polysomes containing >7 ribosomes per mRNA, could be 

identified from those with fewer. Figure 3c depicts the scatter plots for polysomes p1, p3 and 

p6 demonstrating the occurrence of ion current events with a peak amplitude of >100 pA, >200 

pA and >300 pA respectively. While the p1 sample has most of its ion current events within 

100 pA, the p3 sample exhibits events in two groups, below and above 100 pA. This increase 

in peak amplitude is due to an increase in ribosome number (supplementary figure S4 and S5), 

and for p6 samples 80% of the events exhibit a peak amplitude of >100 pA as shown by the 

differently colored clusters in Figure 3C. The noted overlap in peak amplitude between the 

different polysome samples could stem from consecutive fractions containing populations with 

overlapping number of ribosomes per mRNA, additionally the varying RNA-protein 

complexes between mRNAs could also contribute to this effect. Nevertheless, the nanopores 

are sensitive enough to detect and differentiate 80S ribosomes from polysomes with 2-3 and 

>7 ribosomes per mRNA. The clear distinction between 80S ribosome samples and those 

containing polysomes could therefore be utilized as a quick screening technique. 

 

Nanopore fingerprinting was also tested with lysates purified from D. melanogaster ovaries, 

wherein the concentration of polysomes (280 and 830 µg/mL) obtained was much lower than 

that in the cell lines. Cytoplasmic lysate from ovaries was subjected to polysome profiling and 

the isolated 80S ribosomes and polysomal complexes referred to as O80S and Op were then 

subjected to nanopore analysis (Figure 4a).  
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Figure 4 a) Sucrose gradient fractions of lysates purified from D. melanogaster ovaries 

separated into 40S, 80S and polysomes (p). b) Scatter plots for individual 80S and polysome 

samples obtained from D. melanogaster ovaries, indicating the clear difference in ion current 

peak characteristics between the two samples. The black circle indicates the 95% confidence 

ellipse fitted for 80S data and superimposed onto the polysome data. c) Peak amplitude plotted 

against dwell time for 80S and polysome mixture, the zoomed in inset indicates the events that 

fall within the 95% confidence ellipse represented in blue.     

Similar nanopore translocation studies revealed that the O80S samples exhibit ion current 

events with a mean peak amplitude of 41±12 pA and dwell time of 0.05±0.01 ms, which closely 

match the data obtained for S2 cell 80S samples. As expected, the polysome samples, exhibited 

significantly different peak amplitudes of >100 pA (figure 4b), when compared to O80S, with 

a distribution similar to that of the S2 cell polysome samples (p<0.001, supplementary figure 

S9). Furthermore, these results were compared with a D. melanogaster ovary sample 

containing an 80S and polysome mixture to see if we could detect proportions of 80S and 

polysomes in a complex sample. Figure 4c shows the translocation events observed for the 

mixed fractionate indicating two slightly overlapping clusters, one below 100 pA and the other 

above 100 pA, which relates well with the two individual samples. As shown in the inset of 

Figure 4c, the 95% confidence ellipse fitted for the individual 80S samples was used as a 

boundary to identify the 80S events in the mixed sample. The results specify the potential of 

nanopores to accurately distinguish between single 80S ribosomes and polysomes in an 

unfractionated mixture. Similar studies for mixed 80S and polysome samples for S2 cells are 

provided in the supplementary Figure S6. 
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Figure 5 a) Sucrose gradient UV trace for human neuronal cell lines sample (SH-SY5Y), the 

polysomes are fractioned into hp1, hp2, and hp3. b) Scatter plots of 80S and polysomes (with 

2-5, 6-~11 and ~>11 ribosomes), the graphs show a similar trend of peak amplitude increase 

with respect to increase in the number of ribosomes. The h80S data is fitted with a 95% 

confidence ellipse, which is then superimposed onto the polysome data. c) Mean peak 

amplitude data of SH-SY5Y polysomes compared with 80S samples exhibit a significant 

difference of p<0.001 represented by ***. Kruskal-Wallis test was performed for this data and 

the error bars indicate standard error of mean.  

Having validated the nanopore analysis of ribosome extracted from a D. melanogaster cell line 

and from an ovary sample, we then tested the ability of the nanopore platform to analyze human 

ribosomes, extracted from SH-SY5Y human neuronal cell line. Here, in addition to the 80S 

units, polysome fractions with 2-5, 6-~11, and ~>11 ribosomes (referred to as hp1, hp2 and 

hp3) were purified. The analysis of the events showed similar peak amplitude and dwell time 

distinctions for 80S ribosomes and polysomes as measured for D. melanogaster S2 cells and 

ovaries. Figure 5b shows the discrete differences in the peak amplitude and dwell time scatter 

plots for the samples (80S ribosomes and polysome fractions), with 80S exhibiting 32±4 pA 

mean peak amplitude and 0.07±0.02 ms mean dwell time. Again for the polysomes, as observed 

for S2 cells, there is an increase in peak amplitude with respect to the ribosome number. While 

hp1 samples exhibited a mean peak amplitude of 53±12 pA, the samples with higher ribosome 

numbers exhibited two groups with mean of 56±10 pA and 91±20 pA for hp2, and 63±11 pA 

and 98±30 pA for hp3. However, all three polysome samples showed similar mean dwell times 

of 0.08±0.03 ms, 0.07±0.02 ms, 0.07±0.02 ms respectively, with the large polysomes (hp2 and 

hp3) exhibiting a wider distribution than the hp1 and 80S samples (Supplementary Figure S11).  

 

Conclusions: 

 

In this study, we report the application of a solid-state nanopore for the analytical detection of 

ribosomes and polysomes. Characterization of these modulations allows us to detect single 

ribosomes and polysomes in very small sample volumes (3-5µl). We demonstrate that there is 

a significant difference in the peak amplitude between samples containing 80S ribosomes and 

those containing polysomes. Specifically, we provide evidence for the correlation between the 

number of ribosomes in a polysome and the resulting peak amplitude. These observations are 
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consistent across samples derived from D. melanogaster S2 cells, D. melanogaster ovaries and 

SH-SY5Y human neuronal cells.  

 

Thus, as well as being able to detect ribosomes and polysomes, these experiments reveal the 

ability of solid-state nanopores to differentiate between large polysomes (>7 ribosomes) from 

polysomes with a lower ribosome count, using their peak amplitude. Furthermore, using the 

same technique we generate characteristic fingerprints for single 80S ribosomes allowing us to 

distinguish between 80S and polysomes in mixed samples, indicating the robustness of the 

technique as an analytical tool.  

 

Further extension of this study to achieve a greater separation between consecutive ribosome 

numbers and increased sensitivity of the nanopore to fully map the polysomes is foreseeable in 

the future, for example by taking advantage of the signal enhancement generated by 

macromolecular crowding[36] or by careful selection of the electrolyte[37]. This could pave the 

way for the use of solid-state nanopores to distinguish individual polysome fractions as an 

alternative or complement to sucrose density gradient ultracentrifugation but with the 

advantage of doing so at the single entity level. The current study proves the potential of 

nanopores as a sensitive tool for identification of ribosomes and additionally to differentiate 

them from polysomes in a sample. We expect that with further improvements solid state 

nanopores can be a useful analytical tool, complementing cryo-EM and mass spectrometry for 

the structural analysis of ribosomes and ribonucleic particles. 

 

Methods and materials: 

 

Cell culture: 

Semi-adherent S2 embryonic cells were maintained in Schneider’s medium containing L-

glutamine (Sigma) supplemented with 10% FBS (Sigma), 100 U/mL penicillin, 100 µg/mL 

streptomycin, 25 µg/mL amphotericin B (GE Healthcare) and maintained at 26°C in non-

vented, adherent flasks (Sarstedt). Human neuroblastoma SH-SY5Y cells, were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM 4.5g/L Glucose with L-Glutamine) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% (v/v) Penicillin/Streptomycin at 

37oC and 5% CO2. 
 

 

D. melanogaster husbandry: 

D. melanogaster wild type (Dahomey) were raised on standard sugar–yeast agar (SYA). Flies 

were kept at 25°C and 50% humidity with a 12:12 hr light:dark cycle in 6 oz Square Bottom 

Bottles (Flystuff). Semi-adherent S2 cells were maintained in Schneider’s medium containing 

L-glutamine (Sigma) supplemented with 10% FBS (Sigma), 100 U/mL penicillin, 100 µg/mL 

streptomycin, 25 µg/mL amphotericin B (GE Healthcare) and maintained at 26°C in non-

vented, adherent flasks (Sarstedt). 

 

 

Ribosome purification and quantification: 

All stages were performed on ice or at 4°C wherever possible and all solutions were pre-chilled 

to 4°C. ~300 pairs of ovaries were harvested from 3-6 day old females in 1X PBS (Lonza) with 

1 mM DTT (Sigma) and 1 U/µL RNasin Plus (Promega) and flash frozen in liquid nitrogen. 

Ovaries were disrupted using RNase-free 1.5mL pestles (SLS) in lysis buffer (50 mM Tris-

HCl pH 8 (Sigma), 150 mM NaCl, 10 mM MgCl2 (Fluka), 1% IGEPAL CA-630 (Sigma), 1 

mM DTT, 100 µg/mL cycloheximide, 2 U/µL Turbo DNase (Thermo Fisher), 0.2 U/µL RNasin 
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Plus, 1X EDTA-free protease inhibitor cocktail (Roche)). SH-SY5Y cells and S2 cells were 

treated with 100 µg/mL cycloheximide (Sigma) for 3 minutes before harvesting. Cells were 

pelleted at 800 x g for 8 minutes, washed in ice-cold 1X PBS supplemented with 100 µg/mL 

cycloheximide. Ovaries, SH-SY5Y cells and S2 cells were lysed in 500 µL lysis buffer for ≥30 

mins with occasional agitation, then centrifuged for 5 minutes at 17,000 x g to remove nuclei.  

 

Cytoplasmic lysates were loaded onto step-wise 18 – 60% sucrose gradients (50 mM Tris-HCl 

pH 8.0, 150 mM NaCl, 10 mM MgCl2, 100 µg/mL cycloheximide, 1 mM DTT, 1X EDTA-free 

protease inhibitor cocktail) and ultra-centrifuged in SW40Ti rotor (Beckman) for 3.5 h at 

170,920 x g at 4°C. 0.5 mL fractions were collected using a Gradient Station (Biocomp) 

equipped with a fraction collector (Gilson) and Econo UV monitor (BioRad). Fractions were 

combined according to polysome peaks, diluted to 10% sucrose, concentrated using 30 kDa 

column (Amicon Ultra-4 or Ultra-15) and buffer exchanged (50 mM Tris-HCl pH 8, 150 mM 

NaCl, 10 mM MgCl2) at 4°C until final sucrose percentage of ≥0.1%. Samples were quantified 

using Qubit Protein Assay Kit, diluted 20-fold in filter sterilised nano pipette translocation 

buffer (0.1 M KCl) containing 10 mM MgCl2 then frozen using liquid nitrogen in single-use 

aliquots. 

 

Nanopipette fabrication:  

The nanopipettes with ~60 nm diameters were fabricated from quartz glass capillaries of 0.5 

mm inner diameter (QF100-50- 7.5, World precision Instruments, UK) using a Sutter 

instrument model P-2000 laser puller. The pulling protocol comprised two separate lines with 

the parameters line 1: HEAT 775 FIL 4 VEL 30 DEL 170 PULL 120 and line 2: HEAT 900 

FIL 3 VEL 20 DEL 175 PULL 180. Using these parameters, pulling highly consistent glass 

nanopipettes with pore sizes with variations of less than 10 nm was possible with pipettes 

pulled on different days. Ag/AgCl wires (0.25mm diameter, Sigma Aldrich, UK) were utilized 

as both the working and counter electrodes. 

 

Ion current measurements: 

For the translocation experiments nanopipettes fitted with the working electrode were filled 

with translocation buffer (0.1 M KCl) containing the ribosome samples at a final concentration 

of 20µg/ml. The nanopipette and a grounded reference electrode were immersed in a 0.1 M 

KCl solution completing the circuit. On application of a positive potential to the working 

electrode, ribosomes from inside the nanopipette translocate through the nanopipette pore into 

the electrolyte solution, resulting in a temporary blockage of the ion current. Ion current data 

were acquired using an Axon instruments-patch clamp system (Molecular devices, USA). 

Measurements were recorded using the Axopatch 700b amplifier, and the data were acquired 

at a rate of 100 kHz and low pass filtered at 20 kHz using Pclamp 10.6 software. Initial data 

analysis was carried out with a custom MATLAB script (provided by Prof Joshua Edel, 

Imperial College London, UK) and further data analysis was carried out using proFit 7 

(QuanSoft, Switzerland). 
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