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ABSTRACT: Improving the sensitivity and ultimately the range 
of particle sizes that can be detected with a single pore extends the 
versatility of the Coulter counting technique.  Here, to enable a pore 
to have greater sensitivity, we have developed and tested a novel 
differential resistive pulse sensing (DiS) system for sizing particles.  
To do this the response was generated through a time shift approach 
utilising a ‘self servoing regime’ to enable the final signal to oper-
ate with a zero background in the absence of particle translocation.  
The detection and characterisation of a series of polystyrene parti-
cles, forced to translocate through a cylindrical glass microchannel 
(GMC) by a suitable static pressure difference using this approach, 
is demonstrated.  An analytical response, which scales with the size 
of the particles employed, was verified.    Parasitic capacitive ef-
fects are discussed, however, translocations on the ms timescale 
can be detected with high sensitivity and accuracy using the ap-
proach described. 

The detection and characterisation of particles of various sizes 
poses a significant technical challenge.  While many different de-
tection systems have been developed (e.g. Coulter counting1,2, light 
scattering3 and mass displacement systems4), presented here is a 
novel approach with a good signal to noise ratio and sensitivity 
compared to direct measurement of the ionic current flowing 
through a pore.  In order to test the validity of this approach, a set 
of Coulter counter experiments were performed.  This choice was 
driven by the characteristics of the Coulter5 counting technique as 
it relies on a relatively simple principle that a particle entering a 
small channel effectively reduces the ionic pathways6 through the 
conduit (through a simple volume displacement principle) and re-
sults in a loss in ionic conductivity of the structure7.  This principle 
has been effectively used to study nanoparticle8 translocation 
through nanopores9–11 and the passage of DNA strands through a 
structure12–14.  The latter of these two has enabled the development 
of highly sophisticated DNA sequencing stratergies15,16.  Dynamic 
and tuneable pores have also been reported17.  While these eloquent 
examples exist, one fundamental limitation is the range of particle 
sizes that a particular channel can sensibly detect against the overall 
current and the inherent background noise.  Clearly it is desirable 
to use a system which is dynamic (i.e. can detect fast moving par-
ticles), sensitive (i.e. can detect as wide a range of particles as pos-
sible) and versatile (i.e. can be applied to many systems).  To in-
crease the sensitivity of the technique, several different strategies 
may be employed.  These could include the fabrication of bespoke 
channels1,10,18 either in glass19–21 or other insulators.  Such ap-
proaches can give systems the ability to sense rapid translocation 
frequencies.  For example Fraikin et al. used a bridge configuration 
with a sensing electrode placed between constrictions to detect up 

to 5 x 105 particles per second22.   Alternatively, the sensitivity of 
the experimental apparatus, which enable the detection of small 
changes in ionic conductance through the channel to be monitored, 
could be improved and combined with bespoke channels7,23,24.  
This combination will enable the most versatile system, in terms of 
particle sizing, to be developed.  In this latter category, differential 
systems have been reported25.  These typically operate by measur-
ing the ohmic changes7 that occur as a particle translocates through 
a channel using electrodes placed either side of a suitable conduit 
and connected to the differential inputs of an operational amplifier, 
for example.  This approach has been successfully adopted for the 
detection of small particle translocation through channels.  While 
this is useful, other strategies can be adopted. The approach pre-
sented here (and in particular the circuit developed) attempts to ad-
dress two fundamentally opposing limitations of dynamic range 
and sensitivity.  This is achieved by implementing the novel ap-
proach of separating the signal into two paths:  a “fast” path (which 
appears as a step function) and a “slow” path (which appears as the 
same step function but with a reduced bandwidth). These two sig-
nals are subtracted and the result, after appropriate amplification, 
recorded.  This approach is somewhat reminiscent of a classical 
PID controller26 that combines a proportion, an integrated and a 
differentiated signal to derive an error voltage.  In the case reported 
here, the signal from a GMC is measured against a dummy resistor 
in a bridge configuration.  The characterisation of this system is 
reported with the use of polystyrene monodispersed beads driven 
through the GMC using a suitable pressure difference.  This simple 
system was chosen to highlight the function and advantages of the 
time shift approach we describe.   

 

 EXPERIMENTAL  

The GMCs used in this work were fabricated by sealing copper 
microwire (40-64 µm diameter, Advent Research Materials) into 
soda glass (~2 mm OD) capillaries using a flame.  These structures 
were polished with fine emery paper followed by 1 µm and 0.3 µm 
alumina (Struers) on polishing clothe (Buehler) to a mirror like fin-
ish.  The exposed wire template was then etched with a mixture of 
HCl/H2O2 (Care).  The final dimensions of the pores where deter-
mined by measuring their resistance using conventional cyclic volt-
ammetry in an electrolyte solution (see Figure S1) and also by op-
tical inspection of the structure using a Navitar x12 lens and Jai 
camera.  Figure 1 shows images of the resultant structures produced 
in this fashion.  The translocation experiments were performed us-
ing a two-electrode arrangement whereby Ag/AgCl electrodes (Ag 
wire electrodes, Advent Research Materials, anodised in chloride 
media), were placed either side of the pore.  Solutions (0.1 mol dm-

3 KCl, Fisher, 99%) were driven through the pore using a static 
pressure differential.  This pressure ensured fast translocation (< 2 
ms) and avoided any significant electrokinetic effects. The exact 



 

pressure difference with respect to atmospheric pressure was meas-
ured using an EBRO vacuum meter VM 2000 and is reported in the 
appropriate figure legend.  Note that the hydrostatic head will result 
in a 1.5 kPa loss in pressure differential across the GMC itself in 
all experiments.   Figure S2 shows a schematic representation of 
the rig used.  The apparatus was contained in a Faraday cage in an 
effort to reduce electrical noise.  Translocation events where meas-
ured for a variety of different physical parameters on a series of 
polystyrene particles (here 11.1 ± 0.25 µm and 18.8 ± 1.2 µm di-
ameters – manufacturer supplied data). 

 

    

 Solutions containing particles were made from the suspensions 
supplied by the manufacturer (Polysciences) and diluted in 0.1 mol 
dm-3 KCl to the appropriate sphere concentration (typically 7.1 x 
104 cm-3) by weighing out the particle stock solution once it had 
been ultrasonicated and then vortex mixed (Fisher brand) for a pe-
riod of ~ 30 s per treatment.  The translocation events were meas-
ured in two ways; using the current passed through the pore or a 
differential signal both recorded as a function of time.  In the first 
case this involved the use of a simple current follower and DC sup-
ply, while in the second a differential signal was generated using a 
bespoke piece of apparatus.  This was designed and constructed in-
house from PCBs fabricated by a professional board house 
(PCBway.com).  The circuit diagram is shown in figure S3.  The 
signals obtained from this approach were recorded on a 16 bit DAQ 
card (USB1608FS Plus, Measurement Computing (sampling data 
up to 100 kHz but typically 10 kHz was employed) interfaced using 

VS2010 (Microsoft) and Measurement studio (National Instru-
ments) software.  All solutions were made with aerobic purified 
water (18.2 MΩ cm, Purite Select Fusion system) at 20-250C.  

RESULTS AND DISCUSSION 

 The concept deployed here is to exploit a simple series resistor 
bridge involving two components; the first is a dummy resistor (Rd) 
while the second is the micropore (Rp).  The mid potential of the 
system (with a DC bias placed across the resistor pair) is then meas-
ured (see figure S3). If this DC bias was simply amplified, the pro-
cess would produce a significant voltage which could cause instru-
ment saturation.  Also, small and unavoidable DC drift would skew 
the results.  To avoid this problem of saturation, plus DC offset and 
drift, we take the novel approach by sending the mid potential 
through a circuit which essentially has two paths, one to capture 
high frequency components (here termed “fast”) and a second path 

that captures lower frequency components (or “slow”).  These fast 
and slow signal pathways are then subtracted from one another.  
The resultant signal can then be amplified and appears like a dif-
ferential pulse, the exact shape of which is determined by the shape 
of the resistance change as a result of a particle translocation and 
the experimental performance of amplifiers employed.  The differ-
ential signal can then be amplified (to give Va) and measured. Fig-
ure 2 shows a schematic of this approach.  While this approach will 
work, some refinement is necessary.  Non-ideal performance in the 
circuit (specifically the amplifiers) often result in small offsets be-
ing included in the resultant signal.  These, when amplified (note 
we amplify by up to 104 V/V), cause significant DC offsets.  In 
order to avoid these a second ‘self-servo’ section of the apparatus 
was conceived and implemented.  Here a second low pass filter 
with a cut off frequency ~20 times lower (selected through simula-
tion of the complete circuit, ADISimPE) than the first was utilised.  
The signal from this stage (Vpss) can then be subtracted from the 
post amplified stage (Va) to give the final voltage, VDiS (i.e. VDiS = 
Va – Vpss).  This approach ensures that the resultant signal remains 
centred at 0 V in the absence of a translocation event.  Figure S4 
shows a schematic of the complete approach adopted.  In order to 
test the functionality of this approach, particle translocations 

 

Figure 1.  Images of a sealed wire and pores such as those used 
in this study.  (a) shows a side view where a 64 µm diameter Cu 
microwire has been sealed in 2 mm OD soda glass capillary 
tubes while (b) shows an image of the etched pore (GMC).  In 
each case the scale bar represents 200 µm. 

 

Figure 3.  Plot showing the current as a function of time for 18.8 
µm diameter particles translocating through a 40 µm diameter 
pore (▬).  Here a potential of 1 V was applied between the two 
Ag/AgCl electrodes.  The solution contained 7.2 x 104 particles 
cm-3 in 0.1 KCl.  A pressure differential of 77 mbar was applied 
to drive the translocations.  The highlights (█) show the posi-
tions of the translocations and the theoretical change2,27 is shown 
as a red arrow.  

 

Figure 2.  (a) a schematic representation of the particle ( ) trans-
location through a microchannel (█) from the exterior (E) to the 
interior (I).  (b) the measurement of the sensing voltage (Vs) split 
into two pathways, a fast (Vfast, ▬) and a slow (Vslow, ▪▪▪) route.  
(c) the signals are subtracted to give the differential pulse (▬).   
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through a GMC, driven by a suitable stable pressure gradient, were 
investigated.  Figure 3 shows the signal obtained from such a sys-
tem.  In this case the current flowing through a 40 µm diameter 
GMC was monitored as a function of time when a 1 V bias was 
applied between the interior (I) and exterior (E) compartments em-
ployed.  Under these conditions, the current should vary by ~ 0.54 
% as an 18.8 µm diameter polystyrene microsphere translocates 
through the GMC.  This change was calculated using the appropri-
ate formula28,29 for conventional Coulter counter analysis and is in-
cluded in figure 3 as an arrow.  There is good agreement between 
the transients observed for the 18.8 µm diameter spheres translo-
cating through the 40 µm diameter GMC.  The translocation events 
were found to be on the order of 1.4 ms in duration.  However, the 
signal to noise under these conditions is non-ideal (S/N ~ 5 for a 
current change of ~9.4 nA for an 18.8 µm translocation vs. 1.8 nA 
zero-to-peak noise). 

   

This will decrease significantly for smaller particles (e.g. an es-
timation of an S/N~ 1 for a current change of 1.9 nA for a 11.1 µm 
diameter particle translocation vs. 1.8 nA zero-to-peak noise, see 
figure 3).  If the same 18.8 µm particles are translocated through 
the same GMC but monitored using the differential resistance pulse 
(DiS) approach, a significantly higher signal to noise ratio was ob-
served.  Figure 4 shows the translocations detected using the dif-
ferential system (▬), here a signal to noise ratio of ~50 was rec-
orded (1.2 V vs. 0.024 V zero-to-peak for the particle translocation 
and the noise respectively in this case, note we ignore the particle 
leaving the channel in this case).  This is compared to the S/N of 
~5 for the current follower method.  This represents an order of 
magnitude improvement compared to the conventional current fol-
lower signal (▬) which is included in figure 4 and plotted versus 0 
nA for a suitable comparison.  While, it would be possible to filter 
the current time data to improve sensitivity, this is not without con-
sequences.  For example, this will limit the temporal resolution of 
the system and, as a result, restrict the translocation times that can 
be studied without distortion.  Several further points should be 
noted.  First, two transient signals are apparent per translocation 

event.  This is caused by the particle entering (here shown as a pos-
itive potential transient) followed by the particle leaving the GMC 
(shown as a following negative potential transient).  The positive 
and negative transients result in an effective doubling of the signal 
compared to the conventional current transients.  Second, the 
events are centred on zero volts as a result of the self-servo ap-
proach employed (see SI for further discussion).  The amplitudes 
of the positive transients can be used to calculate the size of the 
particles involved.  Under the conditions employed, the size of the 
positive transient can be shown (see SI data) to be, 

where R is the change in resistance caused by the particle entering 
the pore,  is the sum of the dummy resistance, Rd, and the pore 
resistance, Rp, Vap is the applied voltage,  is the instrumentation 
sensitivity factor, G the amplifier gain (typically 103 V/V) and VDiS 
the output voltage.  The output voltage should be dependent on the 
overall applied voltage Vap.  This was found to be the case (see SI, 
figure S5). Note that the incorporation of the instrument sensitivity 
factor is a direct result of the performance of the amplifiers em-
ployed and other non-ideal behaviour (for example the parasitic ca-
pacitance of the cables employed, the amplifier inputs and PCB 
tracking).  In order to account for these factors, the response of a 
dummy cell was measured (see figure S6) and the correction factor 

included as appropriate in all subsequent data analysis.  Figure 5 
shows the response of a 40 µm diameter GMC placed in a solution 
containing both 18.8 µm and 11.1 µm polystyrene microspheres.  
In this case two clear types of transient (marked with different col-
oured circles) where observed, the magnitude of each being signif-
icantly different as expected.  These are caused by the 18.8 µm di-
ameter spheres (●) and 11.1 µm diameter spheres (●) translocating 
through the GMC.  Figure 5 shows that the magnitude of the VDiS 
signal is significantly different for the two particles indicating that 
the sizing resolution of the technique remains.       

 

Figure 4.  Plots showing the current through a GMC (Ichannel, ▬) 
and a VDiS signal (▬) obtained using the approach outlined in 
the text.  In both cases a 40 µm pore was used.  The solution 
contained 18.8 µm polystyrene particles.  A bias of 1 V and 2 V 
for the current follower and resistance DiS system was applied 
respectively.  Note the highlights on the current time signal (█) 
show position of particle translocation. 

 

 

Figure 5.  Plots showing the DiS signal (▬) obtained from a 40 
µm pore placed in a 0.1 M KCl solution contained 18.8 µm and 
11.1 µm diameter polystyrene particles.  A bias of 5 V was ap-
plied across the pore and dummy resistor (1 MΩ).  Note the 
highlights on the signal (●, ●) show particle translocations at-
tributed to single 11.1 µm, 18.8 µm events respectively.  A pres-
sure differential of 54 mbar was applied across the system. 
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If the response of this 40 µm diameter GMC was monitored in 
this solution for a significant period of time (100 s), a large number 
of translocations (~3000) were detected.  Selecting the maxima of 
each of these events (using a software routine based on National 
Instruments peak finding routine) and employing equation 1, the 
value of the change of resistance with respect to the resistance of 
the pore can be determined.  Figure 6 shows the event frequency 
(█) plotted against ΔR/Rp.  Included in this plot is the integral of 
the event count and an estimation of the predicted range expected 
for each particle employed using the conventional Coulter counter 
theory28,29.  Figure 6 shows that there is good agreement between 
the predicted values  

and the detected event height.  In addition the spread of the data 
agrees with the associated magnitude of the data provided by the 
manufacturer for each of the polymer spheres employed although 
the 18.8 µm system appears narrower than expected.  However, this 
is solely based on the data provided by the manufacturer and not 
confirmed by independent means.  This validates the approach 
adopted and suggests that it can be used to gather useful infor-
mation on the size of translocating particles through these pores. 
The system presented here uses a voltage divider approach to the 
measurement problem associated with a translocation (and hence 
resistance change) of a particle through a GMC.  This was chosen 
for several reasons.  First, it is a relatively simple approach.  Sec-
ond, it is inherently quiet in terms of electrical noise.  This is a di-
rect result of the components themselves (the resistors) as they pro-
duce relatively little noise under these conditions.  Figure 7 shows 
how the predicted response (▬) of the system varies with the 
choice of the dummy resistor with maximum sensitivity gathered 
when the dummy resistor and the pore resistance are equal as ex-
pected.  Here the predicted response (taking into account the instru-
ment sensitivity factor) is compared to the experimental results (●) 
for particle translocation.  Figure 7 shows that there is excellent 
agreement between the predicted response and the experimental 
data and that if the resistance of the dummy resistor is greater or 
less than the pore, then the sensitivity of the system drops away.  
Hence to attain the best sensitivity using this approach, matching 
the pore and dummy resistor resistances is desirable.  This could be 
achieved through judicious choice of the dummy resistor employed 
in the circuit, altering the pore dimensions or even the salt concen-
tration employed in the cell.   However, this resistor bridge strategy 
does produce some limitations.  For example, parasitic capacitance 
can be an issue in this system (see SI).    

While the data presented here is clearly accurate and the tech-
nique has been shown to have analytical potential in this arena, 
some thought as to other advantages is pertinent.  For example, a 
clear improvement on conventional current sensing strategies (in 
terms of signal to noise ratio) has been demonstrated (e.g. 50 vs. 5 
for the VDiS and current follower measurements respectively under 
these conditions).  This will have implications for the detection 
limit of the particle size possible for a given pore.  Consider the 
case where the pore dimensions are as those used in Figure 6 (e.g. 
40 µm diameter channel with a base resistance of ~ 524 kΩ in 0.1 
mol dm-3 KCl) is tested.  Under these conditions, it is possible to 
calculate that for an S/N ratio of 1 (e.g. a 48 mV zero-to-peak sig-
nal) the particle diameter would be 4.7 µm using a 1 MΩ dummy 
resistor.  This is approximately 1 order of magnitude lower than the 
pore diameter itself.  However, if the length of the channel is re-
duced so that the 40 µm diameter GMC has a base resistance of 
52.4 kΩ and the dummy resistor is matched (to allow for the max-
imum sensitivity of the measurement instrument, see figure 7) then 
the detection limit can be calculated to be 1.9 µm. However, some 
care should be applied here as simple reduction of the pore length, 
although illustrative, may have limitations associated with the func-
tion of the Coulter counter approach itself (and end effects) and 
would need further careful consideration.  In addition this calcula-
tion does not take into account limitations of eq. 1 which have been 
discussed in the SI.   Nevertheless, further refinement of the pore 
etc., including reducing the dimensions, may drive down the mini-
mum size of particle possible to be detected using this approach.  
While this is clearly possible (and is exploited using glass na-
nopores1, for example), it is beyond the current study and is the 
subject of further investigation. 

Finally, if the electrical noise can be kept to a minimum (an in-
herent issue with systems that rely on differential analyses), this 
measurement approach could be used for other systems and is not 
just restricted to particle translocation.  For example, the direct 
measurement of stochastic current30–32 events or transient potential 

 

Figure 6.  Plots showing the event count (█) and the integral of 
the event count (▬) as a function of ΔR/Rp obtained from a 40 
µm pore placed in a 0.1 M KCl solution contained 18.8 µm and 
11.1 µm diameter polystyrene particles.  The black circles (●) 
show the estimated values considering the particle size and the 
appropriate formulae28,29.  The error bar shows the spread in the 
data estimated from the standard deviation of the particle sizes 
given by the manufacturer.   All other conditions are as reported 
in figure 5. 

 

Figure 7.  Plots showing the predicted response (▬) from a 40 
µm pore placed in a 0.1 M KCl solution containing 18.8 µm di-
ameter polystyrene particles as a function of the dummy resistor 
deployed.  The red circles (●) show the experimental values cor-
rected for instrumentational response.   A pressure differential 
of 73 mbar was applied across the system and a bias of 5 V ap-
plied to the pore/dummy cell system.  Note the predicted re-
sponse was calculated for the 1 MΩ system and will not be 100 
% accurate across the whole range (see SI data). 
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signals, could be directed into this DiS system in efforts to improve 
the sensitivity of those measurements.     

 

CONCLUSIONS 

The DiS system presented here has been shown to be sensitive 
and useful for the analytical characterisation of particles translocat-
ing through a GMC.  The signal to noise ratio of the system is one 
order of magnitude greater than conventional current sensing ap-
proaches enabling particle diameters a factor of ~10 smaller than 
the pore to be detected under the conditions employed.  The system 
can measure rapid translocations (on the 1 ms timescale) and the 
sensitivity of the device, although limited by parasitic capacitance 
effects, is dependent on the resistors used (in relation to the pore 
resistance) and the applied voltage.  
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