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A high-throughput label-free nanoparticle analyser
Jean-Luc Fraikin1, Tambet Teesalu2, Christopher M. McKenney1, Erkki Ruoslahti2,3
and Andrew N. Cleland1 *
Synthetic nanoparticles and genetically modiﬁed viruses are used in a range of applications, but high-throughput analytical
tools for the physical characterization of these objects are needed. Here we present a microﬂuidic analyser that detects
individual nanoparticles and characterizes complex, unlabelled nanoparticle suspensions. We demonstrate the detection,
concentration analysis and sizing of individual synthetic nanoparticles in a multicomponent mixture with sufﬁcient
throughput to analyse 500,000 particles per second. We also report the rapid size and titre analysis of unlabelled
bacteriophage T7 in both salt solution and mouse blood plasma, using just ∼1 3 1026 l of analyte. Unexpectedly, in the
native blood plasma we discover a large background of naturally occurring nanoparticles with a power-law size
distribution. The high-throughput detection capability, scalable fabrication and simple electronics of this instrument make
it well suited for diverse applications.
pplications of synthetic nanoparticles include cosmetics1,
photovoltaics2 and nanomedicine3–5. Naturally occurring
microparticles and nanoparticles mediate important physiological processes6–8, and lethal viruses with diameters of
50–150 nm kill millions of people annually9. However, the practical development and use of nanoparticles is signiﬁcantly constrained by a lack of practical tools capable of detecting and
characterizing particles in this size range10–12.
Size distributions are commonly extracted from bulk measurements
such as dynamic light scattering (DLS) or disk centrifugation, which
are inherently ensemble-averaging, limited in size resolution, and typically require relatively large (1024 l) sample volumes. Individual
nanoparticles can be studied by electron microscopy, but this approach
is slow, expensive, and of little utility in assimilating large population
statistics or detecting rare particles. Nanopores, coupled with electrical
sensing such as the resistive pulse technique, provide a means to count
and size individual nanoparticles. This approach, which is similar to
the Coulter counter principle13, has demonstrated good size resolution
at the individual particle level14–16, but cumbersome sensor fabrication16,17 or low particle count rates18,19 have prevented the practical
adoption of such methods for characterizing nanoparticles.

A

Analyser operation
We have developed a nanoparticle analyser that combines a simply
fabricated microﬂuidic design with a high-throughput electrical
readout. The analyser has two components: a microﬂuidic
channel, which directs the pressure-driven ﬂow of analyte through
the electrical sensor, carefully designed to maximize measurement
bandwidth, and the sensor itself, comprising two voltage-bias electrodes and a single, optically lithographed readout electrode
embedded in the microchannel (Fig. 1a). The analysis chips are
simply fabricated at low cost, using single-layer optical lithography
for electrode patterning, and well-established micromoulding techniques for deﬁning the ﬂuid channel that permit many chips to be
made from a single mould (see Methods).
The ﬂuid channel includes two main features: a primary
nanoconstriction for particle detection, and a ﬂuidic restriction
that provides a balancing electrical resistance. Together, these components form a ﬂuidic voltage divider that yields wide-bandwidth

electrical detection of particles as they pass through the
nanoconstriction (Fig. 1b,c). Constant voltages Vh and Vl (typically
+1–3 V) are applied to the bias electrodes H and L respectively, generating an ionic electrical current in the analyte, with voltage drops
across the ﬂuidic resistor and the nanoconstriction (see Methods).
The sensing electrode S is embedded in the channel between
the ﬂuidic resistor and the nanoconstriction. When a particle enters
the constriction, it alters the ionic electrical current and, because of the
voltage division between the ﬂuidic resistor and the nanoconstriction,
changes the electrical potential V w of the ﬂuid in contact with the
sensing electrode. This potential change is capacitively coupled
through the double-layer capacitance CDL (ref. 20), changing the
sensor electrode potential Vout. The signal is ampliﬁed with an operational ampliﬁer a few millimetres from the sensing electrode.
Although a variant of this ﬂuidic resistor divider approach has
been used previously to detect large particles with the resistive
pulse technique (for diameters .1 mm; ref. 21), the device we
present here is signiﬁcantly simpler in design, capable of much
more rapid detection rates (more than a factor of 104 higher), and
can detect particles 100-fold smaller in diameter.
The signal generated by a single polystyrene particle with a diameter of 117 nm (Fig. 1d) demonstrates both the sensitivity and rapid
electrical response of the sensor. The voltage signal DVout scales as
expected with particle diameter and bias voltage Vh 2 Vl
(Supplementary Fig. S1), and is proportional to the nanoparticle
volume, allowing particle sizing (see Supplementary Information).
Despite the rapid transit time of the particle (10 ms), the detailed
shape of the peak reﬂects both the geometric features of the nanoconstriction and the difference in ﬂuid ﬂow rates on opposite
sides of the constriction. Under typical operating conditions, the
ﬂuid ﬂow carrying particles away from the nanoconstriction on
the downstream side is more rapid than the ﬂow of incident
particles, and leads to the asymmetric peak shape of the electrical
signal. The sensor is able to respond to the short transient generated
by the particle because of the minimal stray capacitance of the
voltage divider and ﬁrst-stage ampliﬁer.
The ﬂow of particles through the analyser is controlled by adjusting the ﬂuid pressure at port P5 on the downstream side of the nanoconstriction, determining whether particles pass into the waste
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Figure 1 | Device schematics and detector response. a, Overall chip layout showing relative placement of the electrical and ﬂuidic components of the device:
external voltage bias electrodes (H, L) and sensing electrode (S); embedded nanometre-scale ﬁlters (F); ﬂuid resistor (FR); nanoconstriction (NC); pressureregulated ﬂuidic ports (P12P6). The nanoparticle suspension to be analysed (dark shading) enters the analyser at P2 and exits at P6 , avoiding H and L.
b, Detail of boxed area in a, showing the core sensing components. Nanoparticles in saline suspension ﬂow in the direction of the arrows, and changes in the
electrical potential of the ﬂuid adjacent to the nanoconstriction are detected by the lithographed sensing electrode S. c, Electrical equivalent circuit: a constant
bias voltage Vh (Vl) is applied to electrode H (L). Resistors Ra and Rb represent the electrical resistance of the nanoconstriction and the ﬂuidic resistor,
respectively. Electrode S is capacitively coupled to the ﬂuid through the electric double-layer capacitance CDL. Circuit elements Ra , Rb and CDL are measured
directly (see Supplementary Information). d, Output voltage Vout as a function of time as a single particle of nominal diameter 117 nm traverses the
nanoconstriction, showing excellent time resolution and signal-to-noise ratio. The peak voltage change DVout is proportional to Vh 2 Vl and to the volume
ﬁlling fraction of the particle in the nanoconstriction40 (see Supplementary Information).

channel P4 or through the nanoconstriction detection pathway
(Fig. 2). We ﬁnd that pressure-driven ﬂuid ﬂow is the dominant
mechanism of mass transport in the system, with no signiﬁcant
contribution from electrokinetic or electroosmotic processes
(Supplementary Fig. S2).
The high-throughput detection capability of the analyser is
revealed by varying the particle ﬂow rate (Fig. 3a). Each point in
the ﬁgure indicates the measured relative diameter and transit time
of an individual 117 nm particle, with data collected for .1,400
transits as the differential pressure across the nanoconstriction
was varied between 0.1 and 2 psi. Transit times as small as
2–3 ms per particle are easily resolved, more than two orders of
magnitude faster than recent nanopore sensors22,23. Note that
there is little increase in the spread of measured amplitudes as the
transit time is reduced, yielding a good signal-to-noise ratio for
even the most rapid transits. The full electrical bandwidth
available for particle detection is obtained from the frequency
dependence of the noise in Vout (Fig. 3b,c). We ﬁnd a measurement
bandwidth fRC ≈ 650 kHz, corresponding to a minimum sensor
response time, tmin ≈ 750 ns (see Methods). This implies a
maximum particle count rate 1/2tmin exceeding 500,000 particles
per second. A discussion of the effect of ionic strength on measurement bandwith is included in the Supplementary Information.

High-throughput multicomponent analysis
The concentration and size distribution of particles in a polydisperse
mixture are highly relevant measures of manufactured or naturally
occurring nanoparticles. We demonstrate the size resolution of
this analyser and perform direct measurements of absolute particle
concentrations using a mixture of synthetic nanoparticles with
diameters from 40 to 130 nm. We compare the analyser results to
those obtained using DLS, the most common technique for sizing
particles below 1 mm.
A mixture containing particles with mean nominal diameters
of 51 nm, 75 nm and 117 nm was prepared and analysed (see
Methods). Three distinct signal amplitudes are visible in the
output voltage time trace (Fig. 4a), corresponding to the three diameters in the population. The horizontal scale of the resulting histogram of particle diameters (Fig. 4b) was calibrated using the average

voltage associated with the 117 nm particles. From this histogram,
the two other particle sizes are found to correspond to mean diameters of 52 nm and 79 nm, with variances of 14% and 5.1%, respectively; these diameters and variances are in good agreement with the
manufacturers’ speciﬁcations.
When DLS was used to measure each of the monodisperse components separately, an application for which it is well suited (Fig. 4b;
ref. 24), we found the measured diameters to agree to within 3% (see
Methods). However, the nanosensor clearly outperforms DLS in
resolving the subpopulation components of the polydisperse
mixture, as is evident when the nanosensor histogram is compared
to the corresponding DLS measurement results, in which the two
smaller particle populations do not appear at all.
In addition to resolving polydispersity in a nanoparticle mixture,
we can use the analyser to measure directly the absolute concentrations of the particles in the mixture. The ﬂuid ﬂow rate is calculated
from the mean transit time of the 117 nm particles through the nanoconstriction (see Supplementary Information), and the number densities of the 50 nm, 75 nm and 117 nm particles in the mixture are
found to be 1.8 × 109 ml21, 1.3 × 109 ml21 and 3.6 × 109 ml21,
respectively. The corresponding number densities calculated
from the weight-percent of polystyrene in solution provided by
the particle manufacturers are 2.8 × 109 ml21, 2.8 × 109 ml21 and
3.0 × 109 ml21, respectively. The concentrations measured by the
analyser differ by factors of 0.5–1.2 from those calculated using
the manufacturers’ values; however, this factor remains constant for
each size component even when varying the particle concentration
by more than an order of magnitude (data not shown). The consistency and directness of the analyser approach suggest that, of the two
methods, the nanosensor measurements probably lie closer to the true
particle concentrations.

Rapid size and titre analysis of biological nanoparticles
The T7 bacteriophage is a bacterial virus commonly used for phage
display of random peptides25, and with a diameter of 55–65 nm it is
comparable in size to non-enveloped small viruses such as Hepatitis
C (55 nm; ref. 26). After ampliﬁcation, concentration and puriﬁcation of the phage, its concentration in solution is usually determined by biological titre, a process that typically requires a few
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concentration measurement, when combined with the results of
live biological titre, provides a means to estimate the fraction of
infective phage in the sample (55% in this case).
Measurements of the viral load in blood are routinely used to
monitor the severity of chronic viral infections such as HIV
(130 nm) and Hepatitis C (55 nm). To validate the potential
use of the analyser as a clinical tool for measuring viral load in
blood, we analysed the distribution of naturally occurring
nanoparticles in mouse blood plasma, and performed the same
analysis with plasma spiked with T7 phage. We successfully
detect the T7 phage in plasma, and obtain a measure of the
viral concentration.
Two samples were prepared and analysed (see Methods). The
ﬁrst (phage-infected) sample consisted of mouse blood plasma to
which polystyrene calibration particles (with a diameter of
117 nm) and T7 phage were added. In the second (control)
sample, phosphate-buffered saline (PBS) was added in lieu of the
phage suspension, while also including calibration particles. When
the control mixture was analysed, the output signal and corresponding histogram (Fig. 6a,b) indicated the detection of the 117 nm
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hours. As a ﬁrst biological application of our detector, which highlights its high-throughput detection capabilities, we demonstrate the
direct, rapid (few second) measurement of the size and concentration of T7 phage, an all-electronic analysis that does not
require infectivity-based titration.
To calibrate the system, known dilutions of polystyrene
nanoparticles with a diameter of 117 nm were added to a suspension
of T7 phage in 1 M NaCl, and a 1 ml aliquot taken for analysis (see
Methods). A representative 1 s measurement shows the detection of
more than 125 phage virions (Fig. 5a). A 5 s accumulation yields the
complete size distribution of the particles in the sample (Fig. 5b). By
calibrating against the 117 nm particles, we measured the phage
virion volume to be 144 × 103 nm3, corresponding to an effective
diameter of 65 nm (large peak in histogram). This diameter lies
within the range of values measured for virions in a number of
salt suspensions, using indirect methods such as buoyant density
sedimentation and X-ray scattering27–30. The small-amplitude
peak corresponding to an effective diameter of 81 nm is consistent
with a small population of phage doublets, which are probably
phage dimers (see Supplementary Information). DLS measurements
of the pure phage sample yielded a single broad peak
(Fig. 5b), emphasizing the ﬁner resolution of the microﬂuidic
analyser, with the ability to detect minority populations in a
heterogeneous sample.
The concentration of phage was obtained by comparing the ratio
of the phage count (520) to that of 117 nm particles (45), yielding 4.1 × 1010 virion per ml. This is in good agreement with the
concentration of infective phage measured by biological titre,
2.3 × 1010 plaque forming units (pfu) per ml. The electronically
measured concentration was obtained in 5 s of analysis, rather
than the 4 h required for biological titre (see Methods). Our
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Figure 2 | Controlling particle ﬂow. a–e, False-colour ﬂuorescence
micrographs (a–d) and scanning electron micrograph (e) showing the ﬂuidic
components of the analyser and control of particle ﬂow. Fluorescent
polystyrene nanoparticles (with diameters of 200 nm) traverse the
integrated nanoﬁlter (a), and the ﬂuidic electrical resistor (b) before
reaching the vicinity of the nanoconstriction (indicated by the arrow in c).
The black region in b is the sensing electrode. A single external pressure
setting at port P5 selects the ﬂow path and ﬂow rate of the ﬂuid, sending
particles either to the waste channel P4 (c) or through the nanoconstriction
(d). e, A representative PDMS nanoconstriction with lateral dimensions
250 × 250 nm2, and depth 290 nm. Scale bars in all panels are 10 mm.
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Figure 3 | Detection bandwidth. a, Measured relative particle diameter as a
function of transit time (full width at half maximum) on a logarithmic scale
as 117 nm nanoparticles pass through the nanoconstriction, using a range of
ﬂow rates, showing high-ﬁdelity detection and sizing for single-particle
transit times as small as 2 ms. Solid curves indicate the expected signal
attenuation for three different minimum sensor response times. b, Highfrequency equivalent circuit model of the sensor including the input
resistance of the ﬁrst-stage ampliﬁer Rm and the stray capacitance Cs. Rp is
the equivalent resistance of the parallel combination of the ﬂuid resistances
Ra and Rb with Rm. c, Spectral density SN of the noise in Vout for zero voltage
bias, normalized by the expected thermal Nyquist noise of the effective
resistance Rp , from which we determine the detector electrical bandwidth
fRC ; 1/2pRpCs ≈ 650 kHz. The spectrum was obtained by averaging ten
Fourier transforms of Vout versus time.
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ratio of unity), comparable to but an order of magnitude
higher than typical clinical viral loads reported for Hepatitis C
(1 × 107 ml21; ref. 31).
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Figure 4 | Analysis of a polydisperse nanoparticle mixture. a, Output
voltage Vout versus time for a mixture of nanoparticles of different diameter
(51 nm, 75 nm and 117 nm). Events marked with red circles cluster around
three values of Vout (horizontal dashed black lines). b, Histogram of effective
diameters (40 s measurement). The 117 nm peak is used to calibrate the
horizontal axis, relative to which the other peaks correspond to diameters of
52 nm and 79 nm. Separately normalized DLS measurements of each
population are indicated by spline ﬁts (dashed blue, green and red lines), as
are measurements of the mixture (dashed black line). The scattering signal
from the 117 nm particles dominates the DLS measurement of the mixture,
and results in a nearly identical measurement to that of the pure 117 nm
particle solution. Using the mean transit time of the 117 nm nanoparticles to
estimate the ﬂuid ﬂow rate, we ﬁnd the absolute number densities are
within factors of 0.5–1.2 of those calculated from the manufacturers’
speciﬁcations (see main text).

calibration particles, and a large concentration of background nanoparticles. A detailed analysis of this trace (Supplementary Fig. 3)
showed that particles as small as 46 nm in diameter could be
resolved easily from noise, and that .70% of detected particles
had an uncertainty in their measured diameter of less than 10%.
Unexpectedly, we found that the concentration c of particles in
this size range in the native plasma exhibited a striking power-law
(Fig. 6c). This is
dependence on particle volume vp , c / v 23.3
p
unlikely to result from random coincidences of pairs or groups of
smaller particles: even the highest measured concentration is three
orders of magnitude below that for which the average solution
volume per particle equals the sensing volume. We discuss the
signiﬁcance of this measurement in more detail below.
Both representative 1 s time traces of Vout (Fig. 6a,d) and the corresponding diametric histograms (Fig. 6b,e) indicate background
particles with diameters 60 nm. When the number density distributions from the two plasma samples are compared (Fig. 6f ), a clear
peak due to the phage is visible. The position of the peak yields the
measured diameter of the phage, 55 nm relative to the calibration
particles. This diameter is slightly smaller than that measured in
1 M NaCl (65 nm, Fig. 5b), but lies within the range of published
values27–30. The difference in the measurements may reﬂect changes
in the mean capsid diameter in solutions of differing osmotic
strength. Integration of the number density of the infected
sample, while subtracting the background particles, yields the concentration of T7 phage in the plasma, 5.3 × 1010 ml21. This value is
close to that obtained by biological titre, 1.5 × 1010 pfu ml21, and
suggests a slightly lower infective fraction in this batch of phage
(30%). Comparison of the infective fractions from biological
titre and quantitative PCR-based copy number determination indicates that in a typical phage preparation, the infective fraction can be
as low as 20% (T. Teesalu et al., unpublished observations).
The detection of virus in blood using a similar size-based assay
will be limited by the background concentration of naturally occurring nanoparticles. From our measurements (Fig. 6c), we calculated
a detection limit in the unprocessed plasma of 1 × 108 ml21
for virions with diameters of 55+3 nm (signal-to-background

We have developed a simple microﬂuidic analyser that permits rapid
electronic detection and volumetric analysis of unlabelled
nanoparticles, including virus suspended in salt solution and in
blood plasma. The device design enables the detection of individual
nanoparticles with good signal-to-noise ratio at high count rates.
The low-cost, scalable fabrication method, as well as the simple
readout electronics, make this analyser potentially useful in a wide
range of applications.
Measurements of blood plasma using the analyser reveal a large
background of naturally occurring nanoparticles (Fig. 6a–c), with
a concentration c that follows a power-law dependence on
). These background particles probably
particle volume vp (c / v23.3
p
include cell-derived vesicles such as exosomes, which are known to
be present in blood plasma and are implicated in a variety of physiological and pathological processes7,8,32. Previous studies of these
particles have required extensive sample preparation and puriﬁcation, with particle sizes typically analysed by electron microscopy.
The measurements we present here are, to our knowledge, the ﬁrst
analyses of the size distributions of these particles in their native
state. The microﬂuidic analyser performs these measurements
with little sample preparation, and yields a moderate sample size
(.1 × 104 particles for the data in Fig. 6c) with data accumulated
in only 10 s. The analyser may prove a useful tool for systematic
physiological and disease studies of plasma exosomes and
other nanoparticles.
The high background of plasma-borne nanoparticles with diameters less than 100 nm makes viral detection in plasma challenging. It may be possible to increase the sensitivity of the assay by
reduction of the background through further sample preparation
(for example, removal of background nanoparicles by detergent
exposure) or by the addition of afﬁnity reagents (for example by
increasing the apparent size of target virus particles, or by
forming aggregates), routes that we have not explored here.
Moreover, the range of nanoparticle diameters that can be analysed using this approach can be signiﬁcantly increased beyond
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Figure 5 | Size and concentration measurements of unlabelled
bacteriophage T7 in salt solution. a, Output voltage Vout versus time for a 1 s
measurement, showing direct detection of unlabelled bacteriophage T7
virions (65 nm), with an admixture of 117 nm calibration particles. Events
cluster around three values of Vout (horizontal dashed lines). b, Histogram of
effective diameters displaying two phage particle diameters (blue outline), in
addition to the calibration particles (red outline). Outlines are Gaussian leastsquare ﬁts. The mean effective diameters are 65 nm, which corresponds to
T7 virion singlets, and 81 nm, an effective diameter corresponding to virion
dimers, with 10% of phage apparently in dimer form. A normalized DLS
measurement of the pure phage sample (no calibration particles) is indicated
by a spline ﬁt (blue points and dashed line).
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Figure 6 | Particle size distribution and T7 phage detection in mouse blood. a, Representative 1 s time trace of Vout while sampling mouse blood plasma
with an admixture of calibration particles (diameter, 117 nm; control); trace shows detection of 1,300 particles. b, Histogram of particle diameters obtained
from the trace in a, showing large numbers of particles at small diameters (60 nm). c, Particle concentration as a function of particle volume for diameters
from 50 nm to 100 nm. The ﬁt shown by the red line indicates the power-law dependence of concentration c on particle volume vp , with c / v23.3
.
p
d, Output voltage Vout versus time while sampling T7 phage-infected plasma. e, Histogram of effective particle diameters, showing a peak in particle
concentration at 55 nm attributed to phage. f, Number density distributions of the blank plasma (blue dashed), phage-infected plasma (green dot-dashed)
and the difference (red solid). The position of the peak (red arrow) in the difference curve yields the measured diameter of the phage to be 55 nm.
Integration of the peak gives the measured phage concentration of 5.3 × 1010 particles per ml, near that obtained by biological titre (1.5 × 1010 pfu ml21).

the narrow range demonstrated with this one-channel design. A
multichannel design can easily be conﬁgured (with little increase
in fabrication or measurement complexity) to allow the analysis
of sizes ranging by over 1 to 2 orders of magnitude; this can be
achieved by making parallel analyser channels in which the size of
the nanoconstriction and its ﬂuidic ﬁlter are systematically varied.
A single inexpensive disposable chip could then rapidly size particles with diameters ranging from 10 nm to a few micrometres.
The high-throughput capabilities of the detector are well suited
for the detection of rare particles. For example, TiO2 nanoparticles
have been observed in the tertiary efﬂuent of wastewater treatment
plants, with titanium concentrations of 10 mg ml21 (refs 33,34).
For 100-nm-diameter particles, this concentration would imply a
number density of 1 × 106 particles per ml. At this concentration,
the detection rates possible with previous nanoparticle detectors18
would require more than ﬁve days to sample sufﬁcient ﬂuid to
detect 100 particles, whereas the analyser described here could
achieve the same in about 20 min.

Methods
Device fabrication and assembly. The microﬂuidic channel was made of
poly(dimethylsiloxane) (PDMS) using well-established micromoulding techniques,
sealed to a glass chip onto which the gold readout electrode had been patterned35–39
(see Supplementary Information). Detailed descriptions of the fabrication of the
micromould and sensing electrodes, as well as the ﬁnal assembly of the analyser
chips, are included in the Supplementary Information.
Electrical operation. Constant voltages Vh and Vl (typically a few volts in amplitude)
were applied at bias electrodes H and L respectively (Fig. 1a), using two Keithley
2400 source meters operating in voltage-source mode. The bias voltages were set to
keep the average difference |V w 2 Vout| near zero, eliminating electrolytic corrosion
of the sensing electrode. A model for the dynamic electrical response of the analyser
is included in the Supplementary Information.
Detection bandwidth. The ﬂuidic voltage divider implemented here affords a larger
detection bandwidth than earlier nanoparticle resistive pulse sensors (see
Supplementary Information for discussion). According to the high-frequency
electrical model of the sensor (Fig. 3b), the minimum time required for a 95%
response in Vout from a change in V w is tmin ¼ 3RpCs. Attenuation will occur for
signals from particles passing through the sensor in times less than 2tmin , or
312

ﬂuctuations in V w at frequencies f . fRC ; 1/2pRpCs. We measured fRC using the
noise in Vout at zero bias: as white thermal noise from the ﬂuidic resistors dominates,
the frequency of the 3 dB roll-off point in noise corresponds to the measurement
bandwidth (Fig. 3c). We ﬁnd fRC ≈ 650 kHz, from which we obtain tmin ≈ 750 ns.
This response time implies a maximum achievable detection rate exceeding 500,000
particles per second. The effect of ionic strength on measurement bandwidth is
discussed in the Supplementary Information.
Peak analysis. Custom software was written for a Matlab environment (The
Mathworks, Inc.) to recognize and measure peaks in Vout. After minimal ﬁltering of
the raw data, each voltage minimum exceeding a particular threshold was measured
relative to a local baseline, and peak widths were measured at half-maximum (see
Supplementary Information).
Polystyrene nanoparticle preparation. Fluorescent polystyrene nanoparticles were
obtained from Polysciences Inc. (117 nm, catalogue no. 16662) and from Thermo
Scientiﬁc (51 nm and 75 nm; G51 and G75, respectively). Number densities in stock
solution were calculated from manufacturers’ speciﬁcations, and the particles were
diluted as needed (typical ﬁnal concentration 1 × 109 ml21) into 1 M NaCl with
1% Tween 20 (Sigma). For the plasma mixtures, 117 nm calibration particles were
suspended in 10× PBS with 5% Tween 20 at least 1 day before use, to prevent
agglomeration in the plasma.
Dynamic light scattering. A DynaPro Nanostar (Wyatt Technology Corporation)
was used for all DLS measurements. A standard disposable cuvette was used to hold
100 ml of the suspension to be analysed. Multiple measurements of each
sample were averaged to improve accuracy. The heights of the peaks in the DLS
data (Figs 4b, 5b) are normalized for clarity. The polystyrene nanoparticles with
nominal diameters 51 nm and 75 nm (as speciﬁed by the manufacturer) were
measured with DLS to have mean diameters of 51 nm and 77 nm, respectively.
T7 phage preparation. T7 bacteriophage was prepared according to ref. 25. Brieﬂy,
the phage was cloned according to the manufacturer’s instructions using the T7select phage display system (EMD Biosciences). It was then puriﬁed by precipitation
with PEG-8000 (Sigma), puriﬁed with CsCl2 gradient ultracentrifugation, and
dialysed into 1× PBS.
T7 phage concentration by biological titre. Escherichia coli BLT5615 cells
(OD600-0.5; 600 ml) were mixed with a serial dilution of the concentrated phage
suspension and plated on Lysogeny Broth-Agar petri dishes. After 4 h at 37 8C, the
plaques in the bacterial layer were counted to estimate the concentration of
infectious phage.
Mouse blood plasma preparation. Approximately 8 ml of whole blood was
extracted from a healthy mouse by pricking the tail vein. Ethylenediaminetetraacetic
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acid (EDTA) was added immediately to prevent clotting. Large particles and cells
were separated from the plasma by centrifugation at 400g for 5 min. The T7
plasma sample was composed of plasma diluted to 0.4× its original concentration in
5× PBS with 2% Tween 20, 117 nm calibration particles, and T7 bacteriophage.
In the control plasma sample, an equal volume of 1× PBS with 5% Tween 20
replaced the phage suspension.
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