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Direct identification of the herpes simplex virus
UL27 gene through single particle manipulation
and optical detection using a micromagnetic
array+
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Magnetophoretic lab on a chip technologies are rapidly evolving into integrated systems for the identifi-
cation of biomarkers and cells with ultra-high sensitivity. We demonstrate the highly efficient detection of
the Human herpes simplex virus type 1 (HSV) UL27 gene through the programmed assembly of super-
paramagnetic (SPM) nanoparticles based on oligonucleotide hybridization. The state of assembly of the
SPM nanoparticles was determined by optical signature of the synchronized motion on the beads on a
micromagnetic array (MMA). This technique has been used to identify <200 copies of the HSV UL27 gene
without amplification in less than 20 minutes. The MAA can also be used to separate gene-SPM bead
aggregates from millions of unreacted SPM beads based on nonlinear magnetophoresis (NLM). The MMA-
optical detection system promises to enable highly sensitive, nucleic acid analysis to be performed
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Introduction

SPM nanoparticles are widely used in vitro diagnostics as they
facilitate rapid transferred of specific protein, viruses or cells
into a device for analysis. Research in lab on a chip (LOC)
technologies initially focused on implementing high-gradient
magnetic field separation on-chip due to the well-established
role that this technology."™ For example, glass and antibody
coated SPM nanoparticles are widely used to rapidly isolate
nucleic acids from cell lysates and rare cell-types from serum,
respectively.”® The favourable scaling of the magnetophoretic
separation velocity (v) makes it possible to complete on-chip
separations a matter of minutes, ie.,
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where F is magnetic force, 5 is viscosity, R is the radius of the
SPM nanoparticle (which can vary between 50-5000 nm), y is
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without amplification and with the consumption of minimal amounts of reagent.

the magnetic susceptibility of the SPM composite, y, is the
magnetic permeability of free space and VB is the magnetic
flux density. Manipulation of SPM nanoparticles in LOC instru-
ments has also been facilitated by using electromagnets to
time reaction and separation steps. Magnetophoretic LOC
point of care tests (POCTs) have enabled rapid and sensitive
detection of biomarkers and cells, consuming minimal
volumes of reagents.’

Significant advances in the function and performance of
magnetophoretic LOC devices has resulted from their inte-
gration with highly sensitive detectors. Spintronic materials,
developed for hard disc read-write heads and magnetoresistive
random-access memory applications, have been used to detect
SPM nanoparticles at the surface of LOC devices with a high
degree of specificity and sensitivity. LOC devices based on
arrays of highly sensitive giant magnetoresistance, tunnel mag-
netoresistance and planar hall resistance detectors have
advanced to the stage where it is now possible to detect single
60 nm SPM particles bound to 64 sensor arrays.>'’"?
Integrated systems with these sensors have been fabricated
and used to detect single cells and low-affinity protein-protein
interactions.”*™*® These highly innovative devices are currently
limited, however, by the total number of particles that they can
work with and thus the types of samples that they can be used
to analyze.

Programmed SPM nanoparticle actuation has been
achieved with micron resolution wusing micromagnet

This journal is © The Royal Society of Chemistry 2020


www.rsc.li/nanoscale
http://orcid.org/0000-0003-1722-2921
http://orcid.org/0000-0002-7949-5848
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr10362g&domain=pdf&date_stamp=2020-02-01
https://doi.org/10.1039/c9nr10362g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR012005

Published on 23 January 2020. Downloaded by Y unnan University on 8/14/2025 11:39:38 PM.

Nanoscale

Beads on MMA

o

O S
3
5

5
X

: .

10um

1
___________ <L

TTTTTTN TTTT T

<’ Rotating field

Fig. 1 Magnetophoretic separation of superparamagnetic particles on a
micromagnet array (MMA) with a magneto-optical detection system. (a)
Schematic of the SPM particles moving over 5 pm diameter circular
micro-magnet mirrors. (b) Schematic of the magneto-optical detection
system, which is composed of a laser, focusing optics, photodetector,
and MMA. (c) Optical microscope image of a set of 2.8 ym SPM particles
(black circles) moving across an array of the circular micromagnet
mirrors (white circles) with an external magnetic field orientation of 6 =
0° (left) and 6 = 180° (right). (d) Schematic and optical images of a MMA
element that can be used to focus SPM particles.

arrays.'>'®'® Fig. 1 presents a schematic of an instruments

that uses a rotation external magnetic field to actuate more
than 10° SPM particles on a MMA of centimeter size. The SPM
particles are trapped in the strong localized magnetic field sur-
rounding the micro-magnets, which minimizes magnetic
interactions for SPM particles that have a y < 1. At low frequen-
cies the particles move across the micromagnet array at a rate
that is defined by the rotating external magnetic field. For
example, the counter-clockwise rotation of the external mag-
netic field in the yz-plane of the array results in the movement
of the SPM particles in the y-direction. The SPM particle’s
motion is determined by its hydrodynamic size and the mag-
netic force. This results in a critical frequency, w., at which an
SPM particle can no longer closely follow the external mag-
netic field due to the hydrodynamic drag force.'® The magni-
tude of w. has been found to increase with the magnetic
moment of the SPM particle but is a nonlinear function of its
hydrodynamic radius:

_ Xp,00H

Tay ), 2)

We

where o, is the effective magnetic moment of the micromag-
netic, n is the viscosity of the sample, and f is the ratio of the
particle’s radius and the center-to-center distance between the
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magnets. The strong dependence of the critical frequency on
hydrodynamic drag can be used to separate SPM nanoparticles
of different sizes, i.e., SPM particles with a @ < w. will move on
the magnetic arrays, while particles that have a @ > @, will slow
down and become immobilized at the immobilization fre-
quency, ;. Nonlinear magnetophoresis on a MMA of centi-
meter size has been used to separate 10° SPM nanoparticles
based on their size or magnetization. This technique has been
used to isolate bacteria and exosome-SPM particle complexes
based on the decrease in the magnetization of the complexes.>
MMAs have also been used to collect cells bound to SPM nano-
particles and focus them into specific channels like those
shown in Fig. 1d for analysis.”" Integration of these devices
with detectors promises to allow POCT and in vitro assays to be
rapidly performed directly from complex biological samples.

In this article we demonstrate the principle of direct
nucleic acid identification, i.e., without amplification, of an
open reading frame derived from HSV-1 based on SPM nano-
particle reaction, separation and detection. HSV is a large
(>150 kb), double-stranded DNA virus that is transmitted to
humans by direct skin to skin contact; in the case of HSV-1 by
contact with the orofacial region, and for HSV-2 through
sexual routes. Between 60%-95% of adults worldwide are
infected by HSV.** Initial symptoms include sores or blisters
around the infected region, causing discomfort and in some
cases, pain, for the individual. Although rare, HSV-2 infection
of the central nervous system can occur, resulting in herpes
simplex encephalitis (HSE), which is fatal in 70% of untreated
cases.”® There has been a growing awareness that HSV-1 infec-
tions may be linked to a number of neurodegenerative dis-
eases.”® The clinical outcome of HSV infection can be favor-
able if antiviral therapy is initiated in the early stages of infec-
tion, accentuating the need for rapid diagnostic assays. Viral
loads in clinical samples (cerebrospinal fluid, plasma, genital
and oral swabs) and are typically in the range 10°-10° DNA
copies per ml.*> The gold standard HSV diagnostic test
involves the monitoring of cytopathic effects of the virus fol-
lowing inoculation on susceptible cell cultures. While highly
sensitive and specific, results can take up to one week to com-
plete.”® To circumvent time issues, polymerase chain reaction
(PCR), has been proposed as an alternative diagnostic assay,
which maintains high sensitivity and specificity, but requires
trained personnel and remains time consuming (4 h).>” Other
diagnostic procedures such as enzyme immunoassay and fluo-
rescent antibody tests typically take several hours to conduct
and suffer from poor sensitivity.>*>°

The identification of HSV-1 was based on a highly efficient
reaction of the UL27 gene with SPM nanoparticles and the use
of an MMA for separation and optical detection of the aggrega-
tion state of the particles. In the magnetic bead assembly
(MBA) assay the HSV UL27 gene was labelled with biotin and
digoxigenin (dig) oligonucleotide probes and rapidly separated
with streptavidin and anti-dig antibody labeled SPM nano-
particles. The use of a high concentration of SPM nano-
particles and magnetic manipulation allowed each of these
reactions to be efficiently completed in high levels of back-
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ground DNA in as little as 2 minutes.*® Detection of SPM bead
assemblies was performed using a novel optical detection
scheme that is capable of identifying individual SPM particles
and their aggregation state. This technique allowed the UL27
gene to be detected at a copy number of <200 without amplifi-
cation and promises to be highly useful for POCT where a
rapid response is required. It also provides the means for
directly identifying modified DNA that are not easily detected
using PCR, e.g., 5-methylcytosine modification of DNA could
be detected for epigenetic profiling if methylated binding pro-
teins are used.

Experimental
Micromagnetic optical detection system

The MMA was fabricated from 5 pm diameter circular micro-
magnet mirrors arranged in a rectilinear pattern of 8 pm
period using a conventional lift-off processing.”® To achieve
high reflectivity and anisotropic magnetic moment the MMA
were fabricated from a stack of reflective and magnetic layers,
ie., 10 nm chromium, 100 nm cobalt, and 10 nm chromium,
deposited on a silicon substrate. Fig. 1(a) and (b) present
optical micrographs of 2.8 pum SPM particles moving across a
MMA as an external magnetic field that was rotated in the xz-
plane. The transport of the SPM particles on the MMA was
characterized with a reflected light microscope equipped with
a high-speed camera (Axiocam, Zeiss), as shown in Fig. 1d.
The external magnetic field was generated with y and
z-oriented electromagnets that were driven with two sinusoidal
signals that were 90° out-of-phase. The synchronized signals
were amplified to the desired current using two programmable
amplifiers (Kepco, Flushing, NY) to produce a maximum field
of approximately 60 gauss. Magneto-optical detection of the
SPM particle transport was performed on-chip with a 635 nm,
15 mW AlGalInP laser diode (Hitachi HL6322G). The laser was
focused through a 63x microscope objective (Zeiss Plan-
Neofluar, NA = 0.75) using a collimating lens (Linos A240A,
Munich, Germany) resulting in a 256 pm diameter spot size.
The light collected from the MMA was detected with a switch-
able gain photodetector with built-in amplifier (2.4 MHz BW,
75 mm?, 70 dB switchable gain, PDA100a Thorlabs).

Optimization of the magnetic bead assembly (MBA) assays

The principle of the MMA detection was initially demonstrated
using a three-step MBA assay to detect the model protein bioti-
nylated bovine serum albumin (BBSA) based on the aggrega-
tion of streptavidin SPM particles.*® The assay was performed
by adding streptavidin SPM particles to BBSA solutions of
defined concentration to achieve a final particle concentration
of 10" ml™". The solution was incubated at room temperature
for 5 min and then subjected to magnetic field activated aggre-
gation, ie., the sample was placed in a 2.5 kGauss magnetic
field for 1 minute at which time most of the particles came out
of solution. These samples were immediately analyzed with
either the magneto-optical detector or a flow cytometry (Accuri
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C6, Becton Dickson). For the magneto-optical detection ana-
lysis a 10 pl volume of sample was injected onto the MMA and
the measurement was initiated after allowing the particles to
settle for 1 minute. Flow cytometry analysis was carried-out by
collecting at least 10 000 events with a threshold of 80 000 rela-
tive intensity units (RIU) on the forward scatter light-height
(FSC-H) channel. Monomers and aggregate populations were
identified by using the FSC-H versus area (FSC-A) channel.
Total assay times were 15 minutes.

The HSV UL27 gene MBA assay was developed in three
phases to optimize the hybridization and SPM particle reac-
tions. In the first phase a 25-base pair (bp) DNA oligonucleotide
was detected that was 5' labeled with biotin and dig using strep-
tavidin and anti-dig functionalized SPM particles. The double-
stranded (ds) biotin-25mer-dig was formed by hybridization of
the complementary biotin-HSV-gab(+) and dig-HSV-gBE(—) oli-
gonucleotides (Table S1, ESIT) at a temperature 10 °C greater
than their T}, in 1x annealing buffer (10x annealing is 10 mM
Tris-HCL, pH 7.5, 100 mM NaCl, 1 mM EDTA). Fig. S2 (ESIY)
presents the results of this MBA assay, which can detect the
25mer at 10”** M of dsDNA. The MBA assay was found to have
the highest sensitivity and lowest background for 2 min reac-
tion times (Fig. S31) for equal concentrations of streptavidin
and anti-dig SPM particles at a particle concentration 7 x 10°
ml™" (Fig. S51). This level of sensitivity could be achieved even
in a high levels of background DNA, i.e., 20 mg ml™" concen-
trations of bovine serum albumin or salmon sperm DNA
(Fig. S57). In the second phase of assay optimization two
25-mer oligonucleotide probes, i.e., the 3-labled biotin-HSV-1P1
and 5'-labeled dig-HSV-1P1 (Table S1}) were hybridized with a
75-mer synthetic fragment of the (-) strand of the HSV-1 UL27
gene at 60 °C. The DNA product was composed of two labeled
ds 25-mers separated by a 25 bp single strand. Fig. S51 presents
the MBA detection of the HSV-1 UL27 (—) strand using the opti-
mized reaction conditions. In the final assay, the HSV UL27
gene was directly detected in its double stranded form, i.e., the
target dsDNA UL27 gene was formed by hybridizing equimolar
quantities of HSV UL27 gB- and HSV-1 UL27 gB-oligonucleo-
tides at 10 °C above their T;,’s. The dsDNA UL27 gene fragment
was hybridized with 10™® M concentrations of the biotin-
HSV-1P1 and dig-HSV-1P1 oligonucleotide probes at 80 °C in 1x
annealing buffer. This construct was detected by reacting it
with streptavidin and anti-dig SPM particles using reaction con-
ditions developed first phase of reaction optimization.

Preparation of SPM particles

Three types of 2.8 pm diameter SPM particles were used in
this study, i.e., carboxyl, streptavidin, and antibody functiona-
lized polymer particles in which nanometer iron oxide nano-
particles are distributed. The carboxyl and streptavidin par-
ticles were used as received from the manufacture (Dynal,
Invitrogen). Anti-digoxigenin functionalized particles were syn-
thesized by reacting the biotinylated antibody (Abcam,
Cambridge, UK) with the streptavidin functionalized particles
(Table S21 presents information about the antibodies). This
was achieved by reacting the anti-dig antibody at 0.1 mg mL ™"
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with the streptavidin particles (3 mg) in 800 pL PBS buffer for
1 h at room temperature. After incubation, the antibody coated
particles were washed with PBST buffer, incubated with an
excess of 10 pg ml™" of biotin and stored with PBST with 0.1
(wt/wt%) BSA at 4 °C.

Results and discussion
Optical detection of SPM particles on MMAs

Fig. 2a presents the intensity of the reflected light signal result-
ing from the motion of the carboxyl functional SPM particles
moving across a MMA (red) and silicon surface (blue) in a
rotating magnetic field as a function of frequency, i.e., v = 0, 1,
5-15 and 30 Hz. The strong periodic signal on the MMA was
synchronized with the external magnetic field and was
observed on a background signal of ~425 mV. This periodic
signal was not sinusoidal but moved through four levels as the
external magnetic field was varied from 0, 90, 180, and 270° in
the yz-plane (inset Fig. 2b). These observations led us to con-
cluded that the strong optical signal resulted from the synchro-
nized motion of the particles across the MMA, i.e., the par-
ticles were either located above the silicon surface or over a
micromagnet, as shown in Fig. 1c and Movie 1 (ESI{).

The magnitude of the peak-to-peak photodetector signal,
Vops was found to be sensitive to the frequency of rotation of
the external magnetic field, as shown in Fig. 2b. At frequencies
less than 15 Hz, the magnitude of V},, did not vary with » but
was observed to decrease at frequencies above 15 Hz, ulti-
mately reaching a value close to zero above 30 Hz. This behav-
ior is closely related to the transport of the SPM particles
across the MMA, which was characterized by the critical fre-
quency, . = 20 Hz, and the immobilization frequency, w;, = 30
Hz (as described below). The decrease in the magnitude of Vv,
at frequencies greater than 15 Hz resulted from the fact that a
significant portion of the SPM particles lost their ability to
follow the time varying magnetic field. The portion of asyn-
chronized particles increased with frequency until they were
largely immobilized at w;. A time varying signal can also be
detected for particles moving on the bare silicon substrates
(i.e., without micromagnets) in the rotating magnetic field, but
it was significantly weaker than that measured on the MMA
(Fig. 2a). This signal resulted from the tumbling of multimeric
linear SPM particle assemblies on the substrate, which formed
due to the strong long-range magnetic forces that occur
between SPM patrticles in an external magnetic field.*'

This magneto-optical detector signal was also strongly
dependent on the concentration of SPM particles added to the
MMA. Fig. 2b also presents the V,,, for concentrations of SPM
particles varying from 10° to 2 x 10’ ml™" as w was increases
from 0 to 40 Hz (i.e., the number of beads in the detector area
varied between 10 and 100). Two features of the frequency
response can be observed in these measurements. First, the
Vpp signal increased as the density of particles on the MMA
increased at frequencies below the immobilization frequency.
Second, at frequencies above w, the V;,;, rapidly decreased, ulti-
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Fig. 2 Detection of superparamagnetic particle on a MMA. (a)
Photodetector signal resulting from the transport of SPM particles on a
MMA (added at a concentration of 10® ml™) as function of the frequency
of rotation of the external magnetic field . Red curve is for motion of
the particles on MMA and blue curve is for the particles on a bare silicon
surface (i) without rotating magnetic field, (ii) @ = 1 Hz, (jii)) » = 5-15 Hz,
and (vi) @ = 30 Hz. (b) Peak-to-peak voltage (V,,) of photodetector
signal as function of @ as the concentrations of particles added to the
MMA are increased from 10° to 2 x 10”7 ml™ (10 pl of beads were placed
on alx1lcm MMA). At least 5 measurements were made for each data
point plotted. Inset shows definition of V, as a characteristic parameter
in photodetector signal. (c) V,,, measured as a function of the number of
particles (N) in the optical detection area. The response is linear Vy, =
5.15 + 0.83N where R? = 0.90903.
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mately reaching a value that was independent of the density of
particles at w;. This is consistent with our observation that the
response of the detector was closely related to the transport of
the SPM particles on the MMA. Microscopic examination of
the SPM particles on the MMA at w; revealed that they were
immobilized between the micromagnets.

Fig. 2c presents the magneto-optical detector signal for
intensity of light reflected from SPM particles on a MMA at 1
Hz as the number of particles in the field of detection, N,
increased from 0 to 100. At this low frequency, all the SPM par-
ticles moved at 8.0 pm s ' and V,, was found to be pro-
portional to the numbers of moving SPM particles on the
MMA. The optical detector produced a signal of 0.83 mV for a
single particle at the frequency of the external magnet field.
The background noise was approximately 1.5 mV across the
bandwidth of the detector. The MAA detection system allowed
us to detect individual SPM beads due to the defined fre-
quency of the signal.

These results allowed us to develop a theoretical framework
to describe the sensitivity of this novel magneto-optical detec-
tor. The detector signal results from the difference in the
intensity of reflected light from the SPM particles positioned
over the silicon substrate, P;, and the micromirrors, P, (a list
of the reflectivities of aggregates are presented in Table S.37).
The signal from the optical detector, V,p, is linearly related to
the effective number of particles, N(w), moving in the area of
incidence of the laser:

Vpp = pGAP = I,LS, (Rm — Rs) N(w), (3)

where p is the responsivity of the photodetector, G is the tran-
simpedance gain of photodetector, AP = P, — P,, I, is the
intensity of the incident light, L is the transmittance of the
optical system, S, is the projected area of an SPM particle on
the MMA, and R, 1, are the reflectivity of the surface, micro-
mirror and particle, respectively. In deriving this equation, we
have assumed that R is not a function of particle position and
the particles were smaller than the micromirrors and space
between the micromirrors. The response of the optical detec-
tor is influenced by the motion of the SPM particles on the
chip, which we have chosen to express by fitting the measured
transport behavior (Fig. S17) to the function:

N = n erfe(w w,,0), (4)

where n is the number of particles in the area of incidence and
erfc(w, w., o) is the complementary error function centered
around the NLM critical frequency, w., as defined by the SPM
particle’s response to the external magnetic field. At frequen-
cies less than . of the monomers, the value of erfc(w, ., 6) ~
1. Thus, at these low frequencies the optical signal from the
MMA was proportional to the intensity of the laser, number of
monomers in the area of incidence, size of the beads, and the
difference in reflectivity between the mirror and substrate of
the MMA. This is consistent with the optical signal measured
in Fig. 2c. As the frequency increased the value of erfc(w, w, 6)
decreased until it reached a very small number at a frequency
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of w. + 6. This model made it possible to calibrate the optical
detection system to determine the number of SPM beads
moving across a detection area as a function of the external
magnetic field frequency.

Magneto-optical detection of a model protein analyte for the
MBA assay

Fig. 3a illustrates the principle of an MBA assay in which a
model protein analyte, biotinylated bovine serum albumin
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Fig. 3 Demonstration of the micromagnet optical detection scheme
based on the model protein biotinylated bovine serum albumin. (a)
Schematic of the BBSA magnetic particle assembly assay in which BBSA
was detected using streptavidin functionalized SPM particles. The SPM
particles were mixed with BBSA for 5 minutes and analyzed after separ-
ation from the reaction mixture using a high gradient magnetic field. (b)
Micromagnet optical detection of the MBA assay for BBSA concen-
trations varying between 0 and 3 nM. The V,, signal was observed to
decrease as a function of w for v > w. reaching a constant value for v >
w;. The magnitude of V, was observed to decrease as the concentration
of BBSA increased. (c) Analysis of the V,,, signal as the concentration of
BBSA is increased from 0 to 3 nM. The proportion of particle assembled
into aggregates was determined using flow cytometry (detailed descrip-
tion of these results have been presented in the ESIi section). At least
5 measurements are obtained for each data point.
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(BBSA), was detected through the formation of biotin-strepta-
vidin SPM particle assemblies. The BBSA MBA assay involved
three steps, i.e., BBSA analyte was reacted with the streptavidin
SPM particles, a magnetic field was applied to the SPM par-
ticles to induce assembly, and the distribution of particles was
analyzed using an MMA. We have previously demonstrated
that the MBA assay has sub-picomolar sensitivity and can be
completed on a flow cytometer in less than 15 minutes.*
Sensitive detection was achieved on the MMA with optical
detection in less than 7 minutes as the reaction takes place in
a single step.

Fig. 3b presents the magneto-optical signal, V;,, of the SPM
particles for BBSA concentrations varying from 0 to 3 x 10™° M
as w was increased from 1 to 35 Hz. Three features of the
magneto-optical frequency response of the streptavidin-biotin
MBA assay are noteworthy. First, the frequency response of the
streptavidin particles without BBSA was qualitatively like that of
the bare carboxyl beads shown in Fig. 2b, i.e., V;, decreases as
a function of w. The only difference was that the apparent value
of w. was slightly lower for the streptavidin SPM particles.
Second, the V},, signal decreased with the increase in concen-
tration of BBSA, which we attribute to the formation of multi-
meric bead assemblies. Third, the V,, signal decreased with
increasing  for all the BBSA concentrations tested and reached
a steady-state value of approximately 1.5 mV when o > w;.

Fig. 3c presents the response of the MMA optical detection
scheme as a function of BBSA concentration and w. V,, stea-
dily decreased as the BBSA concentration increased at frequen-
cies less than w;. In fact, at frequencies less than 13 Hz the
—log(concentration of BBSA) was proportional to AV, the
difference between V,, of the sample with analyte and back-
ground. This behavior was closely related to the critical fre-
quency of the SPM beads, ie., the velocity of the beads
decreased at frequencies close to their critical frequency. If we
define sensitivity as the concentration at which the absolute
value of AV, is greater than three times the standard devi-
ation of the blank, the sensitivity of this MBA assay was 3 X
107"* M at 5 and 9 Hz. The loss of sensitivity of this detection
scheme at higher frequencies was attribute to their lower value
of V,, and higher value of the standard deviation of the
blanks. Variations in the V, is associate with to the inter-
action of the SPM particles with the surface of the MMA and
their magnetic properties, i.e., variation in the magnetization
of the particles will lead to variation in their transport pro-
perties. The aggregation state of the SPM beads was also
characterized using flow cytometry to gain an understanding
of the mechanism of formation of the magneto-optical signal.
The percent of aggregates measured with the flow cytometer is
presented as a function of BBSA concentration on the right
axis of Fig. 3c. Obviously there was a negative correlation
between V,,, and the percentage of SPM particle aggregates.

Optical detection of the HSV UL27 gene based on the MBA
assay

Fig. 4a presents a schematic of the principle of detection of
the HSV UL27 dsDNA fragment (75 bp) based on the use of
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Fig. 4 Detection of the dsDNA UL27 HSV gene with an MBA assay
based on micromagnet optical detection. (a) Schematic of the two-step
reaction used to assemble SPM particles. The dsDNA UL27 gene frag-
ment was first hybridized with oligonucleotide probes labeled with
biotin and digoxygenin. The labeled product was separated with strepta-
vidin functionalized SPM particles and then reacted with anti-dig SPM
particles to create dimer, trimers, and higher order structures. (b)
Micromagnet optical detection of the MBA assay for dsDNA concen-
trations varying between 0 and 1 nM. The V,, signal was observed to
decrease as a function of @ for ® > wcqimer reaching a constant
minimum value for ® > ®;jmonomer- The magnitude of V,, was observed
to decrease as the concentration of the UL27 gene was increased. (c)
Analysis of the V,, signal as the concentration of biotin-25mer-dig was
increased from 0 to 1 nM. The proportion of particle aggregates was
determined using flow cytometry (ESI{). At least 5 measurements are
obtained for each data point.

streptavidin and anti-digoxigenin SPM particles for capture
and detection. In this detection scheme, the dsDNA target was
hybridized with the two complementary oligonucleotides that
were functionalized with 5'-digoxigenin and 3'-biotin, respect-
ively. The biotin-labeled reaction product was first extracted
with the streptavidin SPM particles and then reacted with the
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anti-dig SPM particles. The use of the two affinity labels was
found to be essential to achieve a high sensitivity assay, i.e.,
multimers were not formed when only the biotin label was
used. The inhibition of SPM particle reaction appears to result
from the immobilization of multiple biotin labels from a
single dsDNA fragment with a single streptavidin particle.

The dsDNA MBA assay was characterized as the concen-
tration of dsDNA was varied between 0 and 10~® M using flow
cytometry to determine the relative number of monomers and
multimers (see ESIf for details of the optimization chemistry).
The concentration of aggregates reached at least 20% of the
monomers at a dsDNA concentration of 1072 M, as shown in
Fig. S2.7 The aggregate concentration, however, was dependent
on the ratio of streptavidin to anti-dig particles and reaction
time. The percentage of aggregates was found to be optimal
for a 1:1 ratio of streptavidin to anti-dig particles, as shown in
Fig. S4.1 The percentage of aggregates was optimized for 2 min
reaction times, which reflected a rapid rate of reaction
achieved for the high particle densities (i.e., 7 x 10° particles
per ml). This concentration of particles was selected based on
the optimization of the detection of 3'-labled biotin-HSV-1P1
and 5'-labeled dig-HSV-1P1 (presented in the ESIT). This assay
was found to be relatively insensitive to high concentrations of
background DNA, ie., the efficiency of the MBA assay
decreased by 50% in 10 mg ml™" of nonspecific salmon sperm
DNA (Fig. S51).

Fig. 4b presents the magneto-optical detector response for
the reaction of dsDNA concentrations varying from 0 to 1 x
1077 M as o was increased from 0 to 35 Hz. The observed
change in magneto-optical response was not linked to a
change in the number of particles used in the assay, which
was held constant at 7 x 10° particles per ml. The results were
similar to those observed for the BBSA MBA assay, i.e., the V;;
decreased as the concentration of dsDNA added to the par-
ticles increased and as the frequency increased. Fig. 4c pre-
sents the change of the V,,, response as a function of dsDNA
concentration at w ranging from 5 to 29 Hz. The AV, was
observed to be proportional to the log of the concentration of
dsDNA in the sample. The assay sensitivity was 3 x 107> M
dsDNA at @ >21 Hz and increased to 3 x 10~"> M dsDNA at 9
Hz. The aggregation state of the SPM particles was character-
ized with flow cytometry (see ESIT) and percent of aggregation
is presented on the right axis of Fig. 4c. The AV, response
and the percent of SPM particle aggregates were negatively cor-
related, with the degree of aggregation increasing rapidly at
concentrations of dsDNA greater than 10" M.

NLM transport of SPM particle assemblies

The magneto-optical signal for both the dsDNA and BBSA
MBA assays was observed to be sensitive to the frequency of
rotation of the external magnetic field, w. Fig. 5 presents the
speed of monomer, dimer and aggregate transport as a func-
tion of w, illustrating a NLM transport response for each of
these particle geometries. For the particles prepared from
dsDNA, the SPM monomers and dimers had a . of 20 and 15,
respectively, and a ; of approximately 30 and 21 Hz, respect-
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Fig. 5 Average velocity of the monomeric particles, dimers and higher
order particle assemblies as a function of the rotation frequency of the
external magnetic field. The particles speed was proportional to rotation
frequency of the external magnetic field at the frequency below the
critical frequency. These measurements were made with at least 15 sep-
arated particles using a microscope and high-speed camera.

ively. The w. and w; of particle aggregates were also measured
for several particle geometries and were found to be signifi-
cantly lower than the values measured for dimers. The
decrease of w. with increasing aggregation number may at first
seem counter-intuitive, i.e., eqn (2) indicates that the critical
frequency should increase with the radius of the particles.
This behavior can be understood in terms of the increase in
the size of the aggregates with particle number (sample of
aggregate shapes are presented in Table S21). When the size of
the aggregate approached the size of the micromagnet (5 pm)
it experienced magnetic fields of varying magnitude and orien-
tation. eqn (2) was derived for a highly simplified model in
which the SPM particle moved in the magnetic field potential
minimum and it is not valid for large aggregates. This leads us
to conclude that the variation in the magnitude and orien-
tation of the magnetic field over an aggregate resulted in a
decrease in the net magnetic force and the observed decrease
in both the critical and immobilization frequencies.

The response of the MMA magneto-optical detection
scheme was observed to vary proportional to —log(analyte con-
centration) over six orders of concentration of dsDNA and
BBSA for w less than 21 Hz, as shown in Fig. 3¢ and 4c. This
response is useful for in vitro diagnostics where a wide
dynamic range is highly desirable. The transport of the SPM
particles on the MMA was analyzed to identify the mechanism
of V,,, response (presented in Fig. 3). Optical microscopy con-
firmed that as the BBSA concentration increased the number
of SPM particles decreased and the number of aggregates
increased. Most of aggregates formed were dimers with a
decreasing fraction of aggregates composed of three, four, and
larger numbers of SPM particles. Table S.37 presents an ana-
lysis of the reflectivity of the aggregates as a function of geome-
try and orientation of motion across the MMA. The theoretical
analysis of the differential optical reflectivity, AP, for the par-
ticles positioned between, P;, and on-top of the micromagnets,
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P,, is based on complete adsorption of light by the SPM par-
ticles. Two observations can be made regarding the P values
for the different aggregates presented in Table S.3.7 First, the
AP values are highly dependent on the orientation of motion
of the aggregates, i.e., dimers have a AP of 92.1% or 52.4% for
orientations in which their primary axis is normal and parallel
to the direction of motion, respectively. This means that AP
values for a set of particles cannot be determined as the aggre-
gate geometry and orientation of motion were indeterminate.
We can, however, see that the aggregates have a lower absolute
value of AP than monomers and the value decreases as the
number of particles in the aggregate increases. These obser-
vations are consistent with the decrease in V,, signal as the
number monomers decrease and the number of aggregates
increased. Thus, the MBA assay and magneto-optical detection
scheme used in this study produced a log(concentration) —
linear(V,,) that was dominated by the transport of the mono-
mers on the MMA.

Conclusions

Nucleic acid testing (NAT) has become an essential tool for the
diagnosis of a range of infectious diseases in healthcare
systems, e.g., identification of infectious pathogens, monitor-
ing therapeutic response, and ensuring the safety of blood
supplies. NAT combines the advantages of direct and highly
sequence-specific detection of the genome of an infectious
pathogen with an analytic sensitivity that is several orders of
magnitude greater than most antigen detection or virus iso-
lation methods. The use of NAT has significantly reduced the
risks of viral transmission during the period between infection
and seroconversion of infection with immunovariant viruses,>?
of immunosilent carriage,® and of occult carriage.>* NAT is
predominantly performed with PCR amplification in centra-
lized laboratories due to the cost of NAT instruments, their
relatively high running costs, and the sophistication of the
extraction and amplification procedures required to achieved
high specificity and sensitivity. There have been several signifi-
cant advances in NAT which have allowed POCTs to be per-
formed in multiplex on one or more infectious diseases.*
First, the development of a number of techniques for isother-
mal amplification of DNA has significantly simplified sample
preparation.®® Second, detection techniques have been devel-
oped around improved amplification techniques that are
amenable to POCTs than run in a lateral flow format.’”
Unfortunately, these NAT POC techniques still do not have the
sensitivity, specificity or price of operation that can be
achieved in centralized laboratories. They also are not amen-
able to emerging sequencing needs, such as, the detection of
5-methylcytosine modification of DNA for epigenetic profiling.

We have described an integrated MMA-optical detector and
used it to detect the HSV UL27 gene. A MBA assay was used to
rapidly separate and detect the UL27 gene, and this assay was
found to work in background DNA and protein concentrations
up to 1 mg ml™". The sensitivity of the magneto-optical detector
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system was determined by the laser, detector, optical configur-
ation and size and optical properties of the MMA and particles.
The detector described was capable if identifying a single
2.8 pm diameter SPM particle and it allowed us to characterize
>400 particles per second using a 250-micron diameter laser
spot size. Low external magnetic field frequencies (w) were
found to produce high V,,,, that was sensitive to the concen-
tration of unreacted monomers, resulting in an assay that oper-
ated over six orders of magnitude of dsDNA concentration and
had a sensitivity of 3 x 107" M dsDNA. This is equivalent to
180 copies of the UL27 gene in a 0.1 microliter sample volume.
In principle, the MMA-optical detector can also be used to
detect the products of the MBA assay in several other modes.
Direct detection of the aggregates can be performed by imple-
menting NLM separation before detection, ie., scanning
between the critical frequencies of the monomers, dimers and
higher order aggregates. This technique will have single mole-
cule sensitivity. Multiplexed sensing can also be implemented
using multiple color, size or magnetization SPM particles.

The design of an integrated MMA-optical detector instru-
ment will be determined by the analyte, i.e., double or single
stranded DNA or RNA, and the application, ie., POCT vs.
in vitro diagnostic. We anticipate that four common steps that
will be used for these instruments: (1) sample collection, lysis
and reaction with oligonucleotide probes; (2) reaction with
SPM nanoparticles; (3) magnetic separation of the SPM par-
ticles onto the MMA array; and (4) detection of aggregation
state of the sample using optical detection. This detection
scheme will consume a minimal amount of fluid due to the
use of magnetic actuation. The volume of sampling can also
be significantly increased by implementing NLM separation
before detection, which will allow the number of each type of
particle to be determined.*® The sensitivity of the assay will be
determined by the reaction efficiency and the specificity of the
analyte-bead reaction. In this article commercial SPM particles
was used due to their uniform size, but they are not optimized
for high efficiency reactions. Increases in the sensitivity and
specificity of the MBA assay can be achieved by using smaller
SPM particles, ie., the rotational diffusion coefficient of a
sphere scales as ock, and polymer coated SPM particles,
which have proven to decrease nonspecific adsorption and
decrease background.*”

In summary, the MMA-optical detector system is a powerful
new technology that can be used to collect, separate and detect
SPM particles with single particle sensitivity. It appears to be
well suited for POCT as it consumes very little fluid and
requires relatively low levels of post-acquisition signal proces-
sing. We have used this novel system to detect the UL27 gene
from the HSV-1 virus, but it may also be used for rare cell type
isolation and the identification of DNA modifications that are
not easily detected after amplification.
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