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The quantum spin properties of nitrogen-vacancy defects in diamond enable

diverse applications in quantum computing and communications'. However,
fluorescent nanodiamonds also have attractive properties for in vitro biosensing,
including brightness?, low cost®and selective manipulation of their emission®.
Nanoparticle-based biosensors are essential for the early detection of disease,

but they often lack the required sensitivity. Here we investigate fluorescent
nanodiamonds as an ultrasensitive label for in vitro diagnostics, using amicrowave
field to modulate emission intensity® and frequency-domain analysis® to separate the
signal from background autofluorescence’, which typically limits sensitivity. Focusing
onthewidely used, low-cost lateral flow format as an exemplar, we achieve a detection

limit of 8.2 x 10 molar for a biotin-avidin model, 10° times more sensitive than
that obtained using gold nanoparticles. Single-copy detection of HIV-1RNA can be
achieved with the addition of a10-minute isothermal amplification step, and is
further demonstrated using a clinical plasma sample with an extraction step. This
ultrasensitive quantum diagnostics platformis applicable to numerous diagnostic
test formats and diseases, and has the potential to transform early diagnosis of
disease for the benefit of patients and populations.

Fluorescent nanodiamonds (FNDs) that contain nitrogen-vacancy
(NV) centres—defects that have optical transitions within the band-
gap—have received considerable attention as a spin system for use as
aqubitin quantum computing and communication, and for quantum
sensing*%°, Such applications arise from the ability of the negative NV
(NV") centre spin state to be optically initialized and read out, while
being manipulated using direct current and microwave magnetic fields.
FNDs also have attractive fluorescent properties—including a high
quantum yield and a lack of blinking and photobleaching—as well as
high stability, low cytotoxicity*'°, the availability of surface groups for
bio-functionalization®, and ease of mass manufacture, such as by the
milling of high-pressure, high-temperature diamond*?. The sensing
applications of NV centres* include magnetic field quantification®™,
temperature sensing'®” and biological labelling>%, the latter of which
includes cellularimaging®, drug delivery® and contrast enhancement
in magnetic resonance imaging®. A key advantage of NV centres is
that, unlike neutral (NV°) centres, their fluorescence canbe selectively
modulated by spin manipulation®, which enables signal separation for
imaging in high-background environments. This property has been
used to improve the contrast for imaging by modulating the fluores-
cence with microwaves*?, magnetic fields?*** or near-infrared light®.
Here we investigate the use of FNDs for in vitro diagnostics.
Communicable diseases representan enormous global health chal-
lenge, and disproportionately affect poorer populations with limited

access to healthcare?. At the end of 2015, there were 36.9 million people
living with HIV worldwide, of whom 9.4 million (25%) were unaware
of their HIV status?. Early diagnosis is crucial for effective treatment
and prevention and benefits patients and populations. For example,
patients in the UK that started antiretroviral therapy for HIV after a
late diagnosis had areductioninlife expectancy of morethan12years
compared with those that started treatment after an earlier diagnosis®.
Theearliest marker of HIVis viral RNA, whichis detectable 7 days before
antigen and 16 days before antibodies®. Point-of-care nucleic acid
testing therefore offers the potential for diagnosis at an earlier stage
than either existing laboratory-based nucleic acid tests or point-of-care
protein tests.

Rapid point-of-care tests have transformed access to disease testing
in various community settings, including clinics, pharmacies and the
home®*’. Among the most frequently used tests worldwide are paper
microfluidic lateral flow assays (LFAs), of which 276 million were sold
in2017 for malaria alone®. LFAs satisfy many of the REASSURED crite-
ria®? for diagnostics; however, despite their widespread use, they are
still imited by inadequate sensitivity to the low levels of biomarkers
presentin early disease.

Fluorescent markers can be highly sensitive, but their practical
application is limited by background fluorescence from the sam-
ple, the substrate or the readout technique. In the case of nitrocel-
lulose substrates used in LFAs, there is a considerable background
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Fig.1|Schematicillustration of the use of FNDsin LFAs. a, lllustration of the
conceptofusing FNDsinanLFA. The binding of DNA modifications causes
FNDstobeimmobilized at the test lineina sandwich-format LFA. The inset
shows the atomic structure of an NV~ centre, the origin of FND fluorescence. An
omega-shaped striplineresonator applies amicrowave field over the LFA,
modulating the fluorescence intensity. b, Schematic showing more detail of
the principle. FNDs areimmobilized at the test linein asandwichstructurein

autofluorescence’, whichinherently limits sensitivity. Various methods
have beenreported to reduce this effect, such as membrane modifica-
tiontoreduce background fluorescence®, excitinginthe near-infrared
range and using upconverting nanoparticles®, and time-gated detec-
tionusing long-persistent phosphors®to separate out the shorter-lived
background fluorescence. The use of these methods has led toimprove-
mentsin sensitivity of approximately 10-fold compared with gold nano-
particles, but they are limited by relatively low brightness.

Here we show the use of FNDs as a fluorescent label in an LFA format,
demonstrating their first—to our knowledge—use for in vitro diagnos-
tics. This strategy takes advantage of the high brightness and selective
modulation of FNDs, and the use of a narrowband resonator enables
the low-power generation of microwave-frequency electromagnetic
fields—suitable for a point-of-care device—that can efficiently separate
the signal from the background in the frequency domain by lock-in®
detection. After characterization, functionalization and optimiza-
tion, we applied FND-based LFAs first to amodel systemand thento a
molecular HIV-1RNA assay in order to demonstrate their clinical utility.

Microwave modulation of FND emission on paper

Anillustration of the use of FNDs in LFAs is shown in Fig. 1. FNDs can
be used as nanoparticle labels on nitrocellulose strips, on which they
undergo amultiple-step binding assay with little user input to bind at
the test line in the presence of the target nucleic acids. After immo-
bilization, the fluorescence of the FNDs can be modulated at a fixed
frequency using a microwave field, enabling them to be specifically
detected and quantified.

Figure 2a shows an energy-level diagram of the NV~ centre, which
is the origin of FND fluorescence. The triplet ground state is optically
driven into an excited triplet state, which then undergoes radiative
decaybackto the ground states. Throughout the process, theelectron
spin state (m, =0, 1) is conserved; however, the m,= +1excited-state
levels can decay into a metastable ‘dark’ state with a corresponding
reductionin fluorescence*. Resonant microwave radiation drives elec-
tronspin population from the m,= 0 tothe m,= t1levels, reducing the
intensity of the fluorescence. The microwave field was produced by a
voltage-controlled oscillator connected to an antenna, capacitively
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microwave electromagnetic
field

the presence of double-stranded DNA (dsDNA) amplicons. Exciting at 550 nm
(green) produces fluorescence emission centred at 675 nm (red), imaged witha
camera. Anamplitude-modulated microwave field, applied by the resonator,
selectively modulates the fluorescence of theimmobilized FNDs at aset
frequency. This enables specific separation of the FND fluorescence from
background fluorescenceinthe frequency domain, toimprovethe
signal-to-noiseratio.

coupled to an omega-shaped stripline resonator that provides a uni-
form peak field over the measurement area (the area of the resonator).

The fluorescence of the FNDs, and its response to the microwave field,
was measured on the nitrocellulose paper substrate. Toinvestigate the
fluorescence intensity as a function of microwave frequency on paper,
awideband resonator was used to perform continuous-wave electron
spin resonance spectroscopy, as shown in Extended Data Fig. 1a-c.
A plot of FND fluorescence over a wide frequency range is shownin
Fig. 2b, showing two peaks at A =2.87 GHz and AF*=1.43 GHz, corre-
spondingtothetripletlevel splittinginthe ground and excited states,
respectively. Figure 2c shows anarrowband resonator (characterizedin
Extended Data Fig.1d-f) thatis designed to have aresonant frequency
at 2.87 GHz with quality factor Q=100; thisinduced a reduction in
measured fluorescence of around 3-6% (Extended Data Fig. 1f), which
varied linearly with the microwave input power indBm (see Extended
DataFig.1g, h).

The excitation and emission spectra of FNDs are shown in Fig. 2d.
The presence of NV~ centres is indicated by the zero-phonon line at
around 640 nm. Using an amplitude-modulated microwave field to
specifically vary the FND fluorescence at a fixed frequency enables the
application ofacomputational lock-in algorithm® (shown schematically
inExtended Data Fig.2a) to selectively extractsignals at the reference
frequency. Thislock-in analysis, showninref.? separates the periodic
FND fluorescence from the non-periodic background fluorescence
(the autofluorescence of nitrocellulose), thus improving sensitivity.

The fluorescence modulation is shown in Fig. 2e, f. Figure 2e shows
pixel variation over time: the test line, on which FNDs are immobi-
lized, has a high variance compared to the background, which does
not modulate and has low variance. The time series is shown in Fig. 2f
(top), in which a square-wave 4 Hz amplitude-modulated microwave
field modulates the fluorescence intensity. Application of the lock-in
algorithm over a small frequency range gave the plot in Fig. 2f (bot-
tom)—an absolute sinc function, the Fourier transform of a square
pulse. The maximumresponse isshownwhen the reference frequency
matches the modulation frequency at4 Hz. The optimization of modu-
lation frequency, sampling frequency, exposure time and measurement
time are shown in Extended Data Fig. 2b—e. Microwave generation was
miniaturized using a voltage-controlled oscillator, amplifier, and
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Fig.2|Microwave modulation of FNDs on paper. a, Energy-level diagram of
an NV~ centre. Splittingin the ground and excited statesislabelled as AE and
AE* respectively. b, The variationin FND fluorescence under microwave fields
of different frequency, showing dips atenergies AF and AE*. Some peak
splittingis observed around the centre frequency due to amagnetic field of
approximately 3 G generated by theresonator (measured with a Gaussmeter).
¢, Amicroscopeimage of the omega-shaped stripline resonator used to
produce auniformfield at2.87 GHz.d, Excitation and emission spectra of

a custom power and timing circuit that measured 65 mm x 38 mm
(Extended DataFig. 2f, g).

Fundamental limits using a biotin—-avidin model

After fluorescence characterization and optimization of the modu-
lation parameters, FNDs were functionalized with biomolecules for
incorporationinto LFAs. We used FNDs with a hydrophilic polyglycerol
layer in order to reduce non-specific binding to the nitrocellulose®®
(Extended Data Fig. 3a), a key factor that limits LFA sensitivity. Three
sizes of FND-polyglycerol (characterized by dynamic light scattering,
asshownin Extended DataFig. 3b) were functionalized with antibodies
via the activation of the alcohol groups of polyglycerol with disuccin-
imidyl carbonate®, as shown in Extended DataFig. 3c. Characterization
by scanning electronmicroscopy, dynamiclightscatteringand Fourier
transform infrared spectroscopy (Extended Data Fig. 3d-i) showed
successful conjugation, with minimal aggregation upon functionali-
zation and increases in size that were consistent with the size of the
conjugants®**, The number of active binding sites on the surface of
600-nm-diameter FNDs was subsequently quantified using quantitative
polymerase chain reaction (QPCR; Methods, Extended Data Fig. 4). The
measured value of 4,300 active binding sites per FND is consistent with
geometric calculations of the number of antibodies that could bind.
The fundamental limit of detection (LOD) of FND-based LFAs was
investigated using amodel biotin-avidininteraction. A serial dilution of
abovine serumalbumin (BSA)-biotin-functionalized FND suspension
was run on LFA strips, on which the FNDs bound directly to a printed
poly-streptavidin test line (rather than in a sandwich formation) as
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Reference frequency (Hz)

FNDs. Thegreenshaded areashowsthefiltered excitation light used. The area
ofthe emissionspectrumisreduced under the application of the microwave
field. e, The pixel variation at the test line (withimmobilized FNDs) of an LFA
stripunderanamplitude-modulated microwave field. f, Top, the variation of
mean fluorescence intensity over time under the application of the same
amplitude-modulated field. Bottom, applying alock-in algorithm overarange
of frequencies givesasincfunction witha peak at the modulation
frequency.a.u., arbitrary units.

shown schematically in Fig. 3a. The high-affinity interaction between
biotin and streptavidin, as well as the flow rate and the high binding
capacity of nitrocellulose, ensures that the residency time of the FNDs at
thetestline is much longer than the binding time of biotinylated FNDs
tothe streptavidin (Extended DataFig. 5a,b). Thisimplies thatall FNDs
bind at the test line, making it ideal for benchmarking the best-case
sensitivity and comparing with other nanomaterials. The LODs were
quantified for FNDs with three different particle-core diameters: 120,
200 and 600 nm.

The resulting fluorescence signals from the LFA test line were ana-
lysed using lock-in analysis and conventional intensity analysis, in
which the difference in fluorescence intensity between the test line
and the background is measured. The results were compared with
those of gold nanoparticles, which are frequently used in LFAs*°. The
signal-to-blank ratios (SBRs) were plotted against the concentration of
600-nm FNDs (Fig. 3b). Each dilution series was fitted to asimple linear
regression, and the LOD was defined as the intersection of the lower
95% confidenceinterval of thelinear fit with the upper 95% confidence
interval of the blanks*. Figure 3c shows images of the test lines as well as
time series of the fluorescence modulationat each FND concentration,
demonstrating that signal modulation canbe measured well below the
concentration at which there is a visible test line.

LODs were found to be 200 aM, 46 aM and 820 zM for particles of
120,200 and 600 nmindiameter, respectively (Extended DataFig. 5d).
Thebest LODswere found with the larger particles, because the lock-in
amplitudescales with the fluorescence modulationintensity, whichin
turnscales with thenumber of NV~ centres. The number of NV~ centres
per particle scales with the volume, so the LOD should scale with the
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Fig.3| Characterizing the fundamental limit of detection using biotin-avidin
binding of FNDs on LFAs. a, Schematic of the assay. FNDs functionalized with
BSA-biotin were run on streptavidin-printed LFA strips, on which they bound
directly to the test line. The arrow shows the flow direction.b, The SBRs of a
dilution series of 600-nm FNDs were measured by both lock-in analysis and
conventional intensity analysis, and compared to that of 50-nm gold
nanoparticles. LODs were 820 zM, 83 aM and 81 fM, respectively. Lock-in analysis
provided a100-fold improvement over conventional intensity analysis, and a
98,000-fold improvement over gold nanoparticles. Dots show the means and
error bars shows.d. of n=3 technical replicates and n = 3 measurement replicates
for each sample. ¢, Anillustration of the comparison between lock-inand
conventional analysis. Top, example fluorescence images at various
concentrations; bottom, intensity-time plots, showing that a periodic

signalis still evident after the test line is no longer visible in the images.

cube ofthe diameter. Additionally, surface effects reduce the fluores-
cence of NV~ centres close to the surface, soalarger volume-to-surface
ratio should increase fluorescence intensity.

LODs using 600-nm FNDs were 820 zM and 83 aM using lock-in and
conventional analysis, respectively, indicating that lock-in analysis
yields a 620-fold improvement in the signal-to-background ratio and
a100-fold improvement in the LOD. This increases to an 810-fold
improvement in signal-to-background ratio using 120-nm FNDs,
giving a 380-fold improvement in the LOD.

This fundamental LOD of 820 zM corresponds to 0.5 particles per pl,
orjust27 particlesina55-pl sample. For comparison, the same experi-
ment was performed with 50-nm gold nanoparticle labels, which are
frequently used in LFAs*® owing to their ease of functionalization and
stronglight absorption. The 600-nm FNDs were five orders of magni-
tude more sensitive than gold nanoparticles. The size of gold nanopar-
ticles thatcanbeused on LFAsis also limited by the broadening of the
plasmonic peak, whereas FNDs at larger sizes become brighter. Owing
to thelownumbers of particles detected, the LODs of biological assays
are expected to be limited by non-specific binding and equilibrium
considerations, rather than by the fundamental sensitivity of FNDs.

Single-copy detection of HIV-1RNA

This platform was then applied to a proof-of-concept assay for the
detection of DNA amplicons. The assay is based on a reverse tran-
scriptase-recombinase polymerase amplification (RT-RPA) reaction
for the detection of HIV-1 RNA, which is performed with modified
primers to form a sandwich structure on the nitrocellulose (Fig. 4a).
After assay optimization (Methods, Extended Data Figs. 6-8), LFAs
were performed with serial dilutions of RT-RPA products using FNDs
of three particle sizes (120, 200 and 600 nm). The initial aim was to
determine the sensitivity of the detection system, rather than the
amplification step, so the amplicon concentration used was measured
post-amplification. The resulting plots of SBR against amplicon con-
centrationareshowninFig.4b, and fitted to the Langmuir adsorption
isotherm model (equation (6), Methods). The LODs were measured as
9.0,7.5and3.7fMfor120,200 and 600-nm FNDs, respectively. The LOD
of 3.7 fM, achieved with 600-nm FNDs, corresponds to 2,200 copies
per pl, or1.1x10° copies in total (190 zmol of DNA).

A model ‘amplicon’ (described in Methods and characterized in
Extended Data Fig.9a, b) was used to compare the 600-nm FNDs with
40-nmgold nanoparticles. The resulting LODs, plotted in Extended Data
Fig.9c, show that FNDs provide an approximately 7,500-fold improve-
ment over 40-nm gold nanoparticles. The approximately 13-fold reduc-
tioninimprovementover gold nanoparticles compared to that found
forthe biotin—avidin modelis due to non-specific binding. The blanks
in the DNA assay have the same FND concentration as the positives,
whereasin the biotin-avidin assay they are ‘true blanks’ (running buffer
only). The resulting small lock-in amplitude in the blanks is around
13-fold higher than a“‘true blank’signal (noise), showing no significant
difference fromthe blanks from the biotin—avidin assay multiplied by
this factor of 13 (two-tailed ¢-test, P= 0.33).

Achieving this level of sensitivity from FND labelling means that a
shortamplification step before addition of the sample to the LFA could
lead to single-copy detection, with typical amplification factors* for
isothermal RPA of 10*in 10 min. This was subsequently demonstrated
by performing 10 min (37 °C) RT-RPA reactions on serial dilutions of
HIV-1transcript RNA, before adding a 6x running buffer solution to
the purified productsand running on LFAs as previously. Theresulting
SBRs are plotted against RNA input copy number in Fig. 4c, showing
aLOD of 1 copy. Positive results were achieved down to a single RNA
copy. Statistical analysis of the lock-in amplitudes (analysis of variance)
isshown in Extended Data Fig. 10a-c. Owing to the 10-min amplifica-
tion time, all concentrations of at least 1 copy reach the saturation
signal, so aqualitative yes/noresultis given. The variation of SBRwith
amplification timeis shown in Extended Data Fig. 10d, which shows the
results of single-copy reactions run for different times. A detectable
signal was observed after a 7-min amplification time. The sensitivity
of the FNDs conveys improved LODs in shorter amplification times
compared to previous work with RPA using gold nanoparticles™™*¢, In
addition, as a proof-of-concept, a clinical sample (University College
London Hospitals (UCLH) clinical standard, 4 x 10* copies per pl) was
successfully detected. Thisinvolved the addition of an RNA-extraction
step (Fig.4d), whichwould need to be adapted for point-of-care testing.
RPA has been shown to be relatively robust to complex samples, but
this remains a major challenge for the field of nucleic acid testing®.
The positive clinical standard had amean SBR of around 19 compared
to the negative plasma control.

In order todemonstrate the suitability of this system for rapid detec-
tion of early disease, a small proof-of-concept experiment was per-
formed using a seroconversion panel of thirteen samples taken over
six weeks, spanning the initial stages of an HIV-1infection. Extended
DataFig. 10e shows that RNA is detected as early as when using the
PCR with reverse transcription (RT-PCR) gold standard, giving posi-
tive results for six out of seven RT-PCR-positive samples and zero out
of six RT-PCR-negative samples. However, this is a preliminary study,
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Fig.4|Single-copy detection of HIV-1RNA on LFAs using RT-RPA and FNDs.
a, Aschematic of the assay. Digoxigenin (DIG) and biotin-modified primers
wereusedinaRT-RPAreactionto produce labelled amplicons, which bind to
anti-DIG-functionalized FNDs and streptavidin-printed test lines on the LFA
strips, forming asandwich structure inthe presence of amplicons. b, Dilution
series of amplicons were runon LFAs for three different FND sizes (120,200 and
600 nm). Serial dilutions were plotted (dots showing means with error bars
showings.d.,n=3-9 technical replicates, n =3 measurement replicates), and
fitted to the Langmuir adsorption model in equation (6) (Methods). Limits of
detectionfor120,200 and 600-nm FNDswere 9.0,7.5and 3.7 fMrespectively.
Asterisks mark the lowest concentrations foreach particle size thatare
significantly different from the blanks at the 95% confidence level, calculated

and further optimization with clinical samples and a larger study will
be required to precisely ascertain the clinical sensitivity.

Conclusions

Here we demonstrate the use of FNDs as an ultrasensitive fluorescent
label forin vitro diagnostic assays, using microwave-based spinmanipu-
lation to increase the signal-to-background ratio and therefore the
sensitivity. The system was demonstrated in an LFA format with two
assays. Using a biotin—avidin model, afundamental LOD of 0.5 parti-
cles per pl was measured—five orders of magnitude more sensitive
than gold nanoparticles—with the caveat of increased cost due to the
need for a fluorescence reader (see Supplementary Table 1), but the
advantage of enabling the capture of quantitative data (as compared
to visual interpretation). By applying FNDs to a sandwich assay for
oligonucleotide detection, single-copy sensitivity was achieved for the
detection of RNA, using 600-nm FNDs and witha10-min RT-RPA step.
The sensitivity of the FND detection system (LOD of 2,200 copies per
plwith RT-RPA amplicons, measured post-amplification) meansthata
shortamplification timeis possible while achieving higher sensitivity
thanhasbeen previously demonstrated with other nanomaterials**%,
making the test more suitable for point-of-care applications. A com-
parison with other fluorescence-based amplicon detectionon LFAs s
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by ANOVA (P=107,10"*and 0.03 from Tukey HSD post hoc test for 120,200 and
600-nm FNDs, respectively). ¢, Serial dilutions of HIV-1RNA copies were
amplified with RT-RPA (10 min), purified and run on LFAs with 600-nm FNDs.
The RNA concentration was plotted against the SBR (dataaremean+s.d.,
crosses show individual measurements), with n=4 experimental replicates and
n=3measurementreplicates for each sample.Single-copy sensitivity was
achieved (P=10"%from ANOVA from Tukey HSD post hoc test; see Extended
DataFig.10b, ¢).d, The system was applied to a proof-of-concept positive
clinical sample (UCLH clinical standard) and negative human plasma control,
givingamean SBR of around 19 and a Pvalue (comparison between the negative
and positive clinical samples) of 8§ x 10 with a t value of -19.3 from an unpaired
one-tailed ¢-test.

shown in Supplementary Table 2. The system was also demonstrated
with HIV-1-positive and -negative clinical samples with the addition of
an RNA-extraction step.

The remaining challenges in the translation of this exemplar RNA
detection assay towards a rapid point-of-care test that meets the
REASSURED criteria® are summarized in Supplementary Table 3.
The incorporation of the amplification step on the LFA strip® is a
major challenge, along with sample processing and RNA extraction
inresource-limited settings*, and removal of the wash step. However,
the sensitivity of this transduction technique means that there is lee-
way for sensitivity reductions while retaining clinical relevance: we
have demonstrated single-copy detection with a10-min RT-RPA step,
up to 50-fold greater sensitivity than the World Health Organization
viral suppression threshold* of 1,000 copies per ml. This technique
isalsoeasily translatable to other assays, for example to amplification
methods using modified primers—including existing PCR assays—by
changing only the primers; todirect detection by the hybridization of
complementary modified probe sequences to a molecular target; or
to proteindetectionin asandwich assay using modified antibodies. In
order todemonstrate this, detection of the HIV-1 capsid protein using
FNDs on paper was evaluated (Extended Data Fig. 11), giving a LOD of
120 fM.FNDs are also applicable to arange of otherin vitro diagnostic
test formats. In addition, owing to the long fluorescence lifetimes of



NV centres*® compared to nitrocellulose’, time-gated fluorescence
measurements could be used to further improve the sensitivity of
FND-based LFAs.

The low power consumption (0.25 W microwave power), optical
readout and potential portability of this technique renderit suitable for
ultrasensitive diagnosis and monitoringinlow-resource settings, using
aportablefluorescence reader or smartphone-based device including
microwave modulation. The nature of lock-in readout makes it robust
to background light, minimising sensitivity losses when moving from
amicroscope to such a portable device. FNDs on paper microfluid-
ics offer a sensitive, robust labelling and readout method for in vitro
disease diagnostics.
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maries, source data, extended data, supplementary information,
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Methods

Resonator design

CST Studio Suite 2015 (Dassault Systems) was used to create a 3D
model of the resonator design, solving Maxwell’s equations over a
sweep of microwave frequencies to determine reflected and absorbed
power. The design was based on copper patterned ona printed circuit
board, using Rogers 4003C substrate for low dielectric loss at micro-
wave frequencies. The top side had an interdigitated capacitor and a
capacitor-inductor omega-shapedloop, and thebottom had aground
plane. The dimensions of these components were varied iteratively
to maximize the absorption at 2.87 GHz and ensure an impedance of
50 Q for coupling to the frequency generator. The final design was
exported as a 2D CAD file.

Preparation of functionalized FNDs

Polyglycerol (PG)-functionalized FNDs were conjugated to antibod-
ies using disuccinimidyl carbonate (DSC) as shown in Extended Data
Fig. 3c. DSC activates hydroxyl surface groups to form succinimidyl
carbonates, which can then react with antibodies to form stable car-
bamate or urethane bonds”.

Inatypical synthesis, 100 pl FND-PG (1 mg mI™, Adamas Nanotech-
nologies, high brightness 120 nm core + 20 nm PG FND NDNV140n-
mHiPG2mg) were centrifuged at 21,130g for 7.5 min to condense the
particlesintoa pellet. The supernatant was then removed and the FNDs
were resuspended in anhydrous N,N-dimethylformamide (DMF, 99.8%,
Sigma-Aldrich). After resuspensionin DMF, the colloidal solution was
sonicated for 5mininan ultrasonic bath. The washing and sonication
steps were repeated three times to remove water. After the last centrifu-
gation, the particles were resuspended in100 pl of a50 mg ml™solution
of DSC (295%, Sigma-Aldrich) in DMF and placed in a thermoshaker for
3.5hat300rpmatroomtemperature. Excess reagents were removed by
three cycles of centrifugation and resuspension in DMF (as described
above). After the third centrifugation, the particles were resuspended
in100 pl deionized water.

Depending on the desired surface functionalization, 13.7 pl of
anti-DIG antibodies (1lmg ml™, Abcam, ab76907) or 6.8 pl BSA-biotin (2
mgml™indeionized water, Sigma-Aldrich) were added to the activated
FNDs. The mixture was placed in athermoshaker overnight for 15 hat
300 rpm at room temperature. The remaining succinimidyl carbon-
ateswere quenched by adding of 10 pl of Tris-HCIpH 7.5 (1M, Thermo
Fisher Scientific). After 30 min, the unbound reagents were removed
bythreecycles of centrifugation and resuspensionin deionized water
(100 pul) and stored in 100 pl of PBS with 0.1 wt% BSA.

After functionalization, the FND concentrations were quantified
by fluorescence intensity, as this remains unchanged during the func-
tionalization reactions: the fluorescence originates from the atomic
structure ofthe FNDs, sois unaffected by surface modifications. This was
carried out by performing a serial dilution of the FND stock solution (of
know mass concentration, ¢,, of Lmg ml™ based on manufacturers speci-
fications) and using aspectrophotometer to measure the fluorescence
compared to the functionalized-FND solution. A linear regression was
fitted to the fluorescence intensity of the serial dilution of the stock FND
solution against FND concentration and interpolated to calculate the
mass concentration of the functionalized particles. Examples of this for
thethreedifferent particle sizes are shownin Extended Data Fig. 5c. This
was converted to molar concentration (C,) using the diameter (d), den-
sity of diamond (p), and Avogadro constant (V,),shownin equation (1):

10°
= xp(mgnm™) x Ny(mol™)

cp(mg mi™) 5

G =
P(M) d3(nm3)

®

Characterization of nanoparticles. Excitation spectra of the FNDs
were acquired with a fluorescence microplate reader (SpectraMax i3,

Molecular Devices LLC) and served as areference to estimate the final
FND concentration by comparison of the fluorescence intensity with
thestock solution. Emissionspectrawere recorded withaspectrometer
(SPM-002, Photon Control) witha500-nmLED light source (pE-4000,
CoolLED). FTIR spectroscopy was performed by conjugating particles
as described above, and storing in deionized water (maximum of 2
days), before centrifuging at 21,130g to condense the particles into a
pellet and removing as much supernatant as possible to form a paste.
This paste was pipetted onto the spectrometer (Bruker, Alpha). Three
measurements of each sample were taken using 16 reads per measure-
ment. Dynamiclight scattering dataand zeta potentials were measured
with a Zetasizer (Zeta Sizer Nanoseries, Malvern Instruments) using a
150-fold dilution of the FNDs. The resulting number plots were fitted
to the skewed exponential inequation (2) to find the peak diameter.

~x-m? —albc-p)
exp( py )erfc( T5o ) @)

210

N(x) =

where Nis the number fraction, x is the diameter,  is the mean of the
diameter distribution, ois the standard deviation and a is the skew
parameter.

Quantification of antibody binding sites on FND surface
Inorder to quantify the number of active antibody binding sites on the
surface, an assay similar to PCR-ELISA (enzyme-linked immunosorb-
ent assay) and that described in ref. > was developed. FNDs (300 pl)
were functionalized with anti-DIG antibodies, as described in the sec-
tion ‘Preparation of functionalized FNDs’, except the final suspension
was in DNase/RNase-free distilled water (Thermo Fisher UltraPure)
rather than storage buffer, and the particles were concentrated fivefold
(to 5 pM, 60 pl). The suspension was subsequently splitin half for a
positive sample and anegative control, and 6 pUl of a 6x running buffer
solution was added to each, to afinal concentration of 1x running buffer
(5% milk + 0.05% Empigen in water). A large excess of a DIG-modified
DNA sequence (0.9 pM final concentration) was added to the positive
sample, and the same excess of the same DNA sequence but withno DIG
modification wasadded to the negative control. Ashort DNA sequence
(82 bp) was used to avoid the bound DNA blocking available sites on
the FND surface. The DIG-DNA was left to bind to the FND-antibody
for 2 h. After binding, each solution was diluted to 400 plin DNase/
RNase-free distilled water before centrifuging at 376g for 2 min and
removing the supernatant. This washing was repeated four times to
remove excess DNA, with the final suspension in 150 pl 100 pg ml™
salmon sperm DNA solution (Thermo Fisher UltraPure).

gPCR was then performed on the final suspensions. The template,
primers and probe sequences are listed in Extended Data Fig. 8d (assay
taken from ref. *2). The master mix was the TagMan Fast Virus 1-Step
Master Mix (Thermo Fisher) with primers at 300 nM and the probe
at150 nM, and 4 pl of sample in a total volume of 15 pl. The standard
was constructed fromserial dilutions of the pHRSIN-CSGW plasmid®.
The gPCRwas performed by an Applied Biosystems 7500 Real-Time PCR
System (Thermo Fisher), and the copy numbers quantified by the 7500
software (v.2.0.6). The FND concentrations in the final suspensions
were measured as described in the section ‘Preparation of functional-
ized FNDs'. Dividing the DNA copy number by the FND number gave
the number of active binding sites per FND.

Target amplification by recombinase polymerase amplification

RNA template generation. The template was designed using an
alignment of 2,929 clinical isolates of HIV-1 from the Los Alamos HIV
Sequence Database® to identify conserved areas. The alignment was
mapped to the HXB2 (K03455) HIV-1reference genome using Geneious
Software (v.10.0.6) and a highly conserved region of 229 bp (1573-1801
bp fromHXB2) selected to design five forward and five reverse primers



tobe tested in RPA primer selection. Starting froma ROBALAEnv plas-
mid (agift from G. Towers, University College London), DNA template
was produced by polymerase chain reaction amplification of the
1,503 bp template sequence using the Phusion High-Fidelity PCR Kit
(New England Biolabs). Primer sequences used are shown in Extend-
ed Data Fig. 8d. The thermocycling was performed at 98 °C for 30 s,
then 30 cycles of:98 °Cfor10s, 65 °Cfor20s,72 °Cfor25s,and afinal
extension of 72 °C for 10 min. The DNA was then transcribed to RNA
using the MEGAscript T7 Transcription Kit (Invitrogen) and purified
using MEGAclear Transcription Clean-Up Kit (Invitrogen), following
the manufacturer’s instructions. The concentration of RNA template
was measured via Qubit RNA HS assay kit (Invitrogen) with the Qubit
4 Fluorometer.

RT-RPA reaction (amplicon serial dilution). RT-RPA assay was
performed onal.5 kb HIV-1in vitro transcribed RNA template. Op-
timization of the assay is shown in Extended Data Fig. 8. RT-RPA of
the template was performed using TwistAmp Exo Reverse Transcrip-
tion Kit (TwistDx), following the manufacturer’s instructions. The
reaction time was 30 min at 37 °C shaking at 200 rpm in an incubator
(New Brunswick Innova42). Nucleicacid sequences arelisted in Extend-
ed Data Fig. 8d, including a fluorescent probe. During amplification,
exonuclease cuts the tetrahydrofuran, releasing the fluorescent tag
(FAM) from the quencher, producing aquantitative signal. The result-
ing RPA products were incubated with RNase A (QIAGEN) for 2 h, before
purification of amplified template to remove primers and fragments
of RNA using QIAquick PCR Purification Kit (QIAGEN), following the
manufacturer’sinstructions. Quantification by measuring absorption
at 260 nmis confounded by RNA contamination, so double-stranded
(ds)DNA quantification was performed using aQuant-iT PicoGreends-
DNA Assay Kit (Invitrogen), following the manufacturer’sinstructions.
Fluorescence measurements were taken with an ultraviolet-visible
spectrophotometer (Molecular Devices, SpectraMax i3).

RT-RPA reaction (final assay with amplification). RT-RPA of the
template was performed using TwistAmp Basic Kit (TwistDx). The
master mix, containing 480 nM of forward and reverse primers
(for sequences see Extended Data Fig. 8d, Integrated DNA Technolo-
gies), 1x rehydration buffer (TwistDx), reverse transcriptase (M-MLV
Reverse Transcriptase, Invitrogen) and nuclease-free water (Invitro-
gen), waspreparedinatube. ForeachRPAreaction, 2 pl of target HIV-1
RNA template was added to 45.5 pl of master mix and a freeze-dried
RPA pellet. The reaction was started by adding 2.5 pl of magnesium
acetate to each reaction, giving a final reaction volume of 50 pl. The
RT-RPA reactions proceeded at 37 °C in a thermal incubator for 10
min. The RT-RPA products were purified by QIAquick PCR Purification
Kit (QIAGEN) and resuspended in afinal volume of 50 pl elution buffer
for eachreaction.

RT-RPA reaction (UCLH clinical standards). RNA from the UCLH HIV-1
viralload positive and negative standards (personal communication,
gift from P. Grant, UCLH) was extracted from a 140 pl sample using
the QIAamp Viral RNA Mini Kit (Qiagen) essentially according to the
manufacturer’s instructions, except that elution was in 60 pl water.
Ten microlitres of extracted RNA in water was used for each RT-RPA
reaction.

RT-RPA reaction (seroconversion panel). RNA from an HIV-1sero-
conversion panel (thirteen samples: ZeptoMetrix Corporation, Panel
Donor No.73698) was extracted from a140-pl sample using the QlAamp
Viral RNA MiniKit (Qiagen) essentially according to the manufacturer’s
instructions, except thatelution wasin 60 pl water. Two microlitres of
extracted RNA in water was used for each RT-RPA reaction. The RT-
RPA reactions proceeded at 37 °C in a thermal incubator for 10.5 min.
The RT-RPA products were purified by QIAquick PCR Purification Kit

(Qiagen) and resuspended in a final volume of 50 pl elution buffer for
eachreaction.

Lateral flow assay

The following assays all use LFA strips with a poly-streptavidin test
line, blocked by a proprietary polyvinylpyrrolidone-sucrose method
(Mologic). The strips were 5 mm wide with the test line positioned
7 mm from the bottom of the strip.

Amajor challenge in developing sensitive LFAs is non-specific bind-
ing. To this end, sweeps of running buffers and washing buffers were
performed to identify the combination that gave the best SBR (see
Extended Data Fig. 6). This gave rise to a reduction in non-specific
binding to the strip, reducing the blanks, and increasing the signal
in turn. The optimum buffers in this study were found to be non-fat
milk 5 wt% + 0.05 vol% Empigen in deionized water (running buffer)
and 0.2 wt% BSA with 0.2 vol% Tween 20 in acetate buffer 10 mM pH 5
(washing buffer).

Having chosen running and washing buffers, the background was
further reduced by optimising the concentration of FNDs, as shown
in Extended Data Fig. 7a, b. LFA strips were run with a dilution series
of FND concentration. A positive test (500 pM of DNA) and a negative
control (deionized water) were run at each FND concentration. The
fitted relationships between positive and negative lock-in amplitude
signals and FND concentration were used, along with modelling of
equilibrium binding, depending on antigen and FND concentration.
This enabled the estimation of the LODs and dynamic ranges at each
FND concentration, as explained in Extended Data Fig. 7c, d and Sup-
plementary Information section 2, leading to the selection of the
FND concentration. The dynamicrangeis limited by the total number
of FNDs at the top end and the non-specific signal in the negative at
thebottomend. The chosen concentration gave a per-strip FND cost of
less than 0.02 cents (USD) (4.8 ng of FNDs per strip). The total cost of
consumables per test and estimated costs of a strip reader are shown
inSupplementary Table1.

The LFAs were performed by pipetting the solutions to be runinto
wells of a 96-well plate, then dipping the strips into the wells. Al LFAs
were performed at room temperature, Purified single-strand (ss)DNA
concentrations were measured by absorption using the Nanodrop
One‘ (Thermo Scientific).

Assay with FND-BSA-biotin. BSA-biotin-functionalized FNDs were
diluted in running buffer to the particle concentrations shown in Ex-
tended Data Fig. 5d. Then, 55 pl of this suspension was run on each
LFA strip.

Assay for model RT-RPA products. The initial optimization and
benchmarking was performed using a model ssDNA RT-RPA ‘ampli-
con’ (ashort ssDNA strand with digoxigenin and biotin modifications
at opposite ends), before moving to real RT-RPA amplicons for the
final assay. A comparison of real RT-RPA amplicons with the model
ssDNA ‘amplicon’is shownin Extended Data Fig. 9a, validatingits use
for optimization, with similar dissociation constant (K}) values and
dynamic ranges, although more variation in the blanks with real am-
pliconsgivesahigher LOD. AMonte Carlo simulation of the variances
ofthe clinical sample lock-in amplitudes that can be explained by FND
size distribution gives a value of around 8-9% of the total variance
(Extended DataFig. 9d). A further approximately 0.1-2% of variance
is explained by periodic driftin the modulationamplitude (Extended
DataFig. 9e), and frequency noise contributes negligible variation
(Extended Data Fig. 9f), indicating that the majority is from other
factors, such as strip-to-strip inconsistency. This strip-to-strip vari-
ation is more evident with larger FNDs, which could be because they
areclose to the minimum pore size of the nitrocellulose. LODs for the
three FND diameters using the model ssDNA ‘amplicon’ is shown in
Extended DataFig. 9b.
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A single strand of DNA (26 bp), functionalized with digoxigenin
at the 3’ end and biotin at the 5’ end (Integrated DNA Technologies,
5 biotin-GTCCGAGCGTACGACGAACGGTCGCT-digoxigenin 3’) was
used as a model for RT-RPA amplicons produced with biotin and
digoxigenin functionalized primers. These model ssDNA strands were
diluted in running buffer and 50 pl of this solution was mixed with
5 ul of anti-digoxigenin antibody-functionalized FND suspension
(1,400,170 and 3fM in PBS for 120,200 and 600 nm diameters, respec-
tively). After 10 minat room temperature, these solutions were run on
LFA strips. After all the solution was run (approximately 10 min), the
strips were transferred to wells of a 96-well plate with 75 pl of washing
buffer (around 12 min).

Assay for real RT-RPA products (amplicon serial dilution). After
purification and quantification of amplicons, the assay was run and
washed identically to the model RPA products with FND concentra-
tions 0f 2,600, 120 and 4 fM for 120, 200 and 600 nm diameters, re-
spectively.

RT-RPA used a digoxigenin-modified forward primer and a
biotin-modified reverse primer. The RT-RPA products, therefore,
consist of dsDNA (181bp), each copy including adigoxigenin molecule
atone end andabiotinmolecule at the other. These modifications bind
toanti-digoxigenin-functionalized FNDs and the poly-streptavidin test
line onthenitrocellulose paper, respectively, formingasandwich struc-
ture and immobilising FNDs in the presence of amplicons, as shown
inFig. 4a.

Final assay for RNA quantification with RT-RPA. After purification,
10 pl of 6x running buffer (30 wt% non-fat milk with 0.3 vol% Empigenin
deionized water) was added to the 50 pl RT-RPA product. Then, 5 pl of
anti-digoxigenin antibody-functionalized FND suspension was added
before running the strips asalready described. For the lowest positive
sample (average of 1.26 copies), thereisa71% chance of having at least
one copy, based on the Poisson distribution. This gives a 26% chance
of all four experimental replicates having at least one copy, using the
binomial distribution, and a 42% chance for three of the four repli-
cates. For the next dilution (average of 0.13 copies), these probabilities
decrease to 0.019% and 0.60%. These probabilities are consistent with
theresultsin Fig. 4.

Fluorescence Modulation and Imaging. The paper strips were imaged
using a fluorescence microscope (Olympus BX51) with a 550 nm green
LED as excitation light source (pE-4000, CoolLED), with afilter cube
containing an excitation filter (500 nm bandpass, 49 nm bandwidth,
Semrock), a dichroic mirror (596 nm edge, Semrock) and emission
filter (593 nmlong-pass, Semrock). A20x/0.4 BD objective (LMPlanFl,
Olympus) was used. Images were recorded with a high-speed cam-
era (ORCA-Flash4.0 V3, Hamamatsu) using HCImage Live software
(Hamamatsu).

All strips were measured when dry to eliminate any possible varia-
tion due todrying during measuring. Extended Data Fig.12 shows the
detectiononwet strips and the effect of drying on the lock-inamplitude
of the FNDsignal. This experiment was performed by running positive
and negative LFAs with the model ‘amplicon’ as above, then fixing each
stripto the microscope stage directly after completing the wash step.
A15-slock-inmeasurementat an exposure time of 20 ms was taken every
1min. Thelight source was only on during measurement to prevent it
speeding up drying. One of the negative controls was measured for less
than 55 min (35 min), so its mean was used after this time in Extended
Data Fig.12. There is a small loss in sensitivity on wet strips (around
1.4-1.9 times), corresponding to a necessary increase in isothermal
amplification time of less than 1 min.

A microwave field was generated by a voltage controlled oscil-
lator (VCO, Mini-Circuits, ZX95-3360+) and a low noise amplifier
(Mini-Circuits, ZX60-33LN+) connected to the resonator circuit board

(Minitron, Rogers 4003C 0.8 mm substrate and 1 0zft? (300 g m™)
copperweight). The resonator was attached to the microscope stage.
The tuning voltage of the VCO was set to maximize the decrease in
fluorescence. Modulation of the signal was achieved by modulating
theinput voltage of the VCO with an on-chip reference frequency gen-
erator at 4Hz using a 32.768kHz crystal oscillator (DS32KHZ, Farnell)
with al4-stage frequency divider (CD4060BM, Farnell). Circuitboard
design was performed using EAGLE (Autodesk). A sweep of modula-
tion frequencies was performed using this VCO and amplifier, using a
microcontroller (Arduino Nano 3.0) to generate the different modula-
tion frequencies.

The power dependence of the decrease in fluorescence was recorded
using a benchtop microwave generator (HM8135, Rohde & Schwartz
Hameg) and alow noise amplifier (Mini-Circuits, ZRL-3500+). A broad
sweep of microwave frequencies was measured with a radiofrequency
signal generator (WindFreak Technologies, SynthUSBII).

Computationlock-inand LOD

The fluorescence signal was modulated with aset modulation frequency
(F,,) and theamplitude of the resulting signal was computed withacom-
putationallock-in algorithm. Images were recorded with the high-speed
camera (ORCA-Flash4.0 V3, Hamamatsu) at a sampling frequency F,.
Each frame was averaged to get a mean pixel value at each time point
t,=0tot, =L/F,where [ was the total number of frames. A moving
average low-pass filter with a span width of 1.5 x F/F,, was applied to
the fluorescence time series. The filtered signal, V;, was multiplied
by two reference signals: in-phase (sin(2nF,,t)) and /2 out-of-phase
(cos(2mF,)) to obtain V,and V,, respectively:

V= Vi X Sin(21iF, f) 3
V) = Vipx cos(2TFf) 4)

The d.c.components of these two signals, Xand Y, were calculated by
finding the mean of V. and V,, respectively, and enabled the evalua-
tion of the magnitude R of the lock-in amplitude at the frequency F,,
according to:

R=X?>+Y? (5)

Where there was no FND saturation (BSA-biotin assays), the
LOD was computed by fitting the lock-in amplitude, as a function
of concentration, ¢, to alinear regression. Where there was satura-
tion, (all assays except BSA-biotin assays), a Langmuirisotherm was
ficted:

(7]

SBR:kO+k1Xm

(6)

where k, is SBR of the negative control, k, is a scaling constant
representing the SBR at target saturation, [ 7]is the amplicon concen-
tration and Kp, is the equilibrium dissociation constant. Fitting was
performed in MATLAB using the fitlm and nlinfit functions for linear
and Langmuir fits, respectively, weighting the fit by the variance at
each concentration.

The LOD was defined as the intersection of the lower 95% confidence
bound of the fit with the upper 95% confidence bound of the blank
measurements*’,
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Extended DataFig. 2| Optimization of lock-inanalysis. a, Schematic of the
computational lock-inalgorithmused to extract the microwave modulated FND
signal from the background. The inputsignal is high-pass filtered usingamoving
average filter to remove low-frequency drift. Itis subsequently multiplied by
cosineand sine functions with frequency F,,, and theresulting signals are low-
passfilteredtogenerate the in phase and quadrature components, respectively,
ofthe vector representation of the signal. The magnitude of this vector is
calculated toremove the effect of phase, giving the output magnitude. b, The
variation of lock-in amplitude with modulationrate (F,,) at various sampling rates
(F).Asingle stripwithvery highintensity was modulated at F, values between
1-450Hz, and sampled at various F, values between3.89-996 Hz. Theresulting
plotshowsthatlock-inamplitudeisindependent of F,when F,>2F,..c,d, The
relationships between lock-inamplitude, exposure time (7,) and modulation
frequency (F,,). Anidentical LFA strip was measured with exposure times
between 10-50 ms, using the maximum possible F for each T, and F,, values
between1-15Hz.d shows F,,against lock-in amplitude at various exposure times.
Itisshown that thelock-in amplitude hasits maximumataround SHzforall
frequencies,and reduceswhen F,,is close to F,/2,its maximum possible value.
Thisisevidentintherawsignal plotsincforeachF, atafixed exposure time
of30 ms.As F,approaches F,/2, the sampling effects obscurethe square wave,
decreasing lock-inamplitude. For maximum lock-inamplitude, the highest

possible T, should be used. Here, we are limited to 50 ms by the background
autofluorescence of the nitrocellulose, which saturates the cameraabove this
value. A corresponding F,,of 4 Hzwas chosen asitisinthe optimalrangeandisa
power of2,so canbe achieved by simply dividing the temperature compensation
crystal oscillator (TCXO) frequency. e, The variation of lock-inamplitude with
total measurementtimeat F,,=4 Hzand F,=20 Hz for five different
concentrations of FNDs and a negative control,immobilized with abiotin-avidin
interaction. The positive amplitudes stabilize quickly, reaching 5% of their 15s
valuein 3.9 sfor positiveresults. The negative results take longer to stabilize,
reaching 5% of their15svaluein13s. A measurement time of 15 s (300 frames) was
used for subsequent measurements. f, Schematic circuit design of temperature
compensation crystal oscillator (TCXO)-based modulated microwave source.
Itis poweredbya5Vsource which powersa TCXO, whichoutputsa32.768kHz
squarewave. Thisis converted toa4 Hzsignal by a4060 counter chip. This
square wave controls two transistors which deliver 12 Vstepped up power (d.c.
converter) to the microwave VCO. The bias voltageis regulated from12Vto 8.15V
by avoltage regulator. The VCO microwave output isamplified by the MW
amplifierand transmitted tothe omegaresonator. g, Printed circuit board layout
ofthe prototype (65mm x 38 mm). Outputs for the microwave amplifier and
microwave VCO are at the top right and bottom right, respectively. A photo of the
printed circuitboard with a £1 coin (GBP) for scaleis shown below.
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Extended Data Fig. 3| FND characterization and functionalization.

a, Comparison of the non-specific binding of various commercial FNDs with
various surface functionalizations on LFAs. The lock-in amplitude at the test line
was measured to quantify non-specific binding. The LFAs were also pre-blocked
witha polyvinylpyrrolidone-sucrose solution (proprietary method, Mologic).
The lowest non-specific binding was from the PG-functionalized particles
(FND-PG), as the PG adds a hydrophilic layer. b, Dynamic light scattering of three
different FND particle core diameters: 120,200 and 600 nm. ¢, A schematic of
antibody functionalization of FND-PG. DSC activates hydroxyl surface groups to
form succinimidyl carbonates, which can then react with antibodies to form
stable carbamate or urethane bonds. d-f, Scanning electron microscope images
of FNDs with particle core diameters of 120,200 and 600 nm, respectively.

g, Dynamic light scattering was also used to measure the size and aggregated
fraction after functionalization of 120 nm FND-PG before and after
functionalization with BSA-biotin or antibodies. Dots show the means of n=3

measurement replicates. Fitting the number plots to skew exponentials
(equation (3), plotted as lines) gave peak particle hydrodynamic diameters of
106,121and 128 nm. h, The fitted peak diameters are plotted with error bars
denoting their 95% confidence intervals (n =3 measurement replicates),
showing no significant difference between the bio-functionalized diameters
(FND-biotin, FND-antibody), but both are significantly different from the pre-
functionalization diameter (FND-PG): *P< 0.05; **P< 0.01, ANOVA with Tukey
HSD post hoc test. i, FTIR spectroscopy of FND-PG and antibody-functionalized
FND-PG. Lines show means of n = 6 measurement replicates for FND samples and
n=2measurement replicates for the blank. C-O and C-H peaks, indicative of the
PG layer, can be seen in both FND-PG and FND-PG-antibody at around 1,100 cm™
and ataround 2,900 cm™, respectively. The FND-PG-antibody spectrum displays
additional peaks at around 1,640 cm™ and at around 1,540 cm™, suggesting
protein amide land amide Il bonds, respectively®, showing that protein
functionalization was successful.
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Extended Data Fig. 4 | Quantification of the number of available binding sites
perFND. a, Initially, binding constants of the anti-DIG antibody binding to DIG
were measured using interferometry. Full experimental details are shownin
Supplementary Information section 1. Binding at different concentrations was
measured and the resulting curves were fitted to exponentials. To find the
equilibrium dissociation constant (K;,), equilibrium binding values, B, were
plotted here against concentration, C. A Langmuir adsorption isotherm was
fitted (B” =2 Xfc givinga K, value of 5.1 x107° M. b, In order to find the on- and
off-rates, k,, and kg, the observed reaction rates, k,, at each concentration were
plotted and fitted to the linear relationship: Ky, = Ko+ C % k.. The resulting fitted
valuesare k,,=1.6 x10°Ms?and k,;=9.1x 10757, ¢, A schematic of the assay to
quantify the number of available binding sites per FND. After functionalization of
FNDs with anti-DIG antibodies, an approximately 50-fold excess of DIG-modified
DNA was added and left to bind for 2 h. The negative DNA control used the same
sequence, but with no DIG modification to compensate for non-specific binding
and adequate washing. After multiple washes by centrifugation to remove the
excess DNA, the remaining DNA (bound to FNDs) was quantified by qPCR. See
Extended Data Fig. 8d for template, primer and probe sequences, and Methods
for full experimental details. d, A kinetic binding simulation was performed to
verify that all available sites would be occupied after 2 h with the above excess.
The graph shows the fraction of sites on the FNDs which are occupied, with this
approximately 50-fold excess, over arange of K, k,, and k. values. The red cross

in circle marks the location of the anti-DIG antibody used in this paper (using the
values measured inaandb), indicating that more than 99.9% of available sites will
be occupied after 2 h. This means that quantifying the DNA gives a true measure
ofavailable binding sites. e, Amplification plot showing the normalized
fluorescence intensity against the number of cycles. A standard curve of each
decade from 40 copies to 4 x 10° copies is plotted, along with the sample and
negative control FND samples described above. The negative diluent controls are
also plotted along with the C, threshold. The lines show means and shaded areas
show thes.d. of repeats (n =3 technical replicates for standard curve,and n=6
for samples). f, The resulting C, values are plotted against copy number per
reaction. Dots show means and error bars show s.d. (n =3 technical replicates for
standard curve and n= 6 for samples). The standard curve was fitted to a
logarithmic curve (C,=-3.2log,, copies + 39), enabling calculation of the number
of copiesin the DIG-DNA sample and negative DNA control. Dividing by the
particle concentration (measured as shown in Extended Data Fig. 5¢) and
subtracting the negative DNA control value gives the number of available binding
sites per particle as 4,300 sites. This is within what is geometrically plausible,
giving an area per antibody of at least 200 nm? (assuming at least 1 paratope
available of at least 75% of the bound antibodies). The corresponding calculated
values for120 and 200 nm particles are 172 and 477 available binding sites per
FND respectively, assuming the same loading density.
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one-to-one receptor-ligand binding approximation, the binding of biotinylated
FNDs to streptavidin was modelled kinetically, indicating that all the FNDs bind
with a residency time of more than about107%s. Here, the residency time is
measured as 4 s, using the flow rate from a, so all the FNDs should bind. ¢, An
example of the measurement of FND concentration. FND fluorescence is
unaffected by surface chemistry, so is used to quantify concentration. A serial
dilution of FND suspensions from a known stock concentration was performed
(dots showing means with error bars showing s.d., n = 6 measurement replicates).
This was then fitted with a linear regression (lines) to find a relationship between
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the fluorescence intensities of the final suspensions were measured, and the
linear fit was used to estimate concentration (crosses). d, Fundamental LODs for
different sized FNDs on LFAs, using a model biotin-avidin interaction.
Suspensions (55 pl) of BSA-biotin-functionalized FNDs were run at different
concentrations on poly-streptavidin strips. Concentrations were chosen to span
the dynamic range of the camera, limited by over-exposure, as seen with the top
concentration of 200 and 600 nm FNDs. Dots show means and error bars show
s.d.(n=3technical replicates, n=3 measurement replicates). Each series is fitted
to asimplelinear regression, shown as the solid line, with 95% confidence
intervals shown shaded. LODs for 120, 200 and 600 nm diameter FNDs are 200
aM, 46 aM, and 820 zM respectively, defined by the intersection of the lower 95%
confidence intervals of the linear fit with the upper 95% confidence intervals of
the blanks for each particle size.
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Extended DataFig. 6| Assay optimization by buffer selection. Sensitivity is
limited by the non-specific binding of FNDs at the LFA test line. LFA strip
blocking, running buffer and washing step are, therefore, key factorsin
improving LOD. In thissection120 nm FNDs were used for optimization.

a, Signal-to-background comparison for the FNDs in different running buffers.
Thereis nowash step. Error bars shows.d. (n=3 measurement replicates). Milk
was selected as the basis for the running buffer. b, Subsequently, asweep of
different surfactants was performed (n=1measurementreplicate). Thebest
signal-to-background ratio came from adding 0.05 vol% Empigen, showing a
significantincrease in the signal-to-background. There is no wash step.
c-e,Thebestrunning buffer was then used for awashing buffer pH sweep
(n=1measurement replicate) (c). Allwashing buffers were run ata volume of 75

Washing buffer

pl, chosenbecause preliminary experiments showedittobe agood
compromise between assay time and washing success. Although results were
similar, pH 5 gave the best signal-to-background ratio, so acetate buffer at 10
mM pH 5was used as the basis for asecond washing buffer sweep, shownin (d),
testinganumber of detergents and adding casein at 0.2 wt% as ablocking
protein (n=1measurementreplicate). As afinal test, thethree best

running buffers were tested, each with the three best washing conditions,
displayedasagridin(e). Eachsquareis the average of three measurements
(n=3 measurement replicates). The results were consistent with previous
sweeps, the combination of the best running buffer and best washing buffer
giving the best signal-to-background. Milk and protein percentages are by
weight and detergent percentages are by volume.
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signal-to-backgroundratio tends toaconstant value of around 27. At low
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concentrations, the positive and negative curves converge as the negative
lock-inamplitude levels off at the noise threshold, and the signal-to-
backgroundratiotendstol.c, Thefitted linearregressionsinawere used,
along with the antibody equilibrium dissociation constant measuredin
Extended DataFig. 4, to estimate the variation of lock-inamplitude with analyte
concentration at different FND concentrations. The principles and equations
aredescribed in fullin Supplementary Information section 2. The LOD for each
FND concentrationis defined as the intersection of this plot with the value of
theblank plus two times the 95% confidence interval at that value, assuming a
low concentration positive would have asimilar confidenceinterval.d, The
estimated LODs and dynamic ranges from ¢, plotted against FND
concentration, to determine the optimum.
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a b
Primer Sequence HXB2 position
F1 TAGTAAGAATGTATAGCCCTACCAGCATTC 1607-1636

F2 GTAAGAATGTATAGCCCTACCAGCATTCTGG 1609-1639

F3 CATTCTGGACATAAGACAAGGACCAAAGG 1632-1660

F4 CATTCTGGACATAAGACAAGGACCAAAGGAAC 1632-1663

F5 GAACCCTTTAGAGACTATGTAGACCGATTC 1660-1689

R1 TCTTACAATCTGGGTTCGCATTTTGGACCAACAAG  1783-1749
R2 TAGTCTTACAATCTGGGTTCGCATTTTGGACCAAC  1786-1752
R3 AAATAGTCTTACAATCTGGGTTCGCATTTTGGACC  1789-1755
R4 ATAGTCTTACAATCTGGGTTCGCATTTTGG 1787-1758
R5 GCTTTTAAAATAGTCTTACAATCTGGGTTCGC 1796-1765

c d

Fluorescence intensity (x106 AU)

F1| 6.39 6.86 6.73 6.77 6.69 17

16.5

Forward primer

F5| 6.36 6.68 7.30 6.48 6.86

R1 R2 R3 R4 R5
Reverse primer

Forward Reverse

Primer

Equilibrium concentration

of primer-primer
hybridization (uM)

Free energy of
secondary structure
at 20°C (kcal/mol)

Purpose

Sequence

PCR forward primer

R4

0.12
0.18
0.36
0.49
05
24
42
89
92
9.3

-12.47
-12.47
-14.45
-14.26
-15.54
-13.69
-15.07
-16.73
-16.73
-16.26

PCR
product

Negative
control

Positive
control
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— 1503 bp

PCR reverse primer
RPA forward primer

RPA reverse primer

RPA probe

gPCR template

gPCR forward primer
gPCR reverse primer

gPCR probe

ATGGGTGCGAGAGCGTCGGTAT
TAATACGACTCACTATAGGGTTATTGTGACGAGGGGTCGCTGC
50-digoxigenin-C3 spacer-TAGTAAGAATGTATAGCCCTACCAGCATTC

50-Biotin-TEG-ATAGTCTTACAATCTGGGTTCGCA GG

50-CTGTCATCCAATTTTTTACCTCTTGTGAAGC-FAM- tetrahydrofuran
quencher-CGGCTCTTAGAGTTT-C3 spacer-3’
ACGTCAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAAC
GGCATCAAGGTGAACTTCAAGATCCGCCACAACAT

CAACAGCCACAACGTCTATATCAT
ATGTTGTGGCGGATCTTGAAG
FAM-CCGACAAGCAGAAGAACGGCATCAA-TAMRA

bp
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Extended DataFig. 8 |Primer optimization. a, List of forward primers (F1-F5)
andreverse primers (R1-R5) tested for the initial primer screen. b, Aninitial
primer screenwas performed to achieve the highest amplification efficiency
(n=3technical replicates) using the Twist Amp Exo Reverse Transcription Kit
(TwistDx). Theyield of each primer combination was measured by the
fluorescence of the exo probe with afluorescence microplatereader
(SpectraMax i3, Molecular Devices LLC). Primers F5and R3 gave the highest
yield, although all the yields were above 63% of this value. ¢, Interactions
between forward primers and reverse primersto predict the minimum free
energy structures for the ten primer combinations that gave the largestyield of
RPA productinthe primerscreen. The table shows the results of simulationsin
NUPACK®¢, using aninput of 10 pM for each oligonucleotide. The minimum free

energy secondary structures are the most energetically favourable secondary
structures that canbe assumed for oligonucleotides of a given primary
sequence, calculated using the nearest-neighbour method*”. Primers Fland R4
were selected for future work since the energetics of their hybridizationare
muchless favourable thanthat of F3 and RS, yet they still gave ahigh RPAyield
inthe primerscreen (93% of the highest yield pair).d, Alist of oligonucleotides
used for PCR, RPA and qPCR assays. The PCRreverse primerincludedaT7
promoter for RNA transcription (underlined) and aspacer (bold). e, Gel
electrophoresis of 1,503 bp template sequence produced by PCR using a1%
agarose gel. f, Gel electrophoresis 0f 181bp double-stranded RT-RPA products
using al%agarose gel.



Article

a
® Model amplicons
® Real RPA amplicons
210°
®
X<
C
o
2
2
©
c
o L L e e e e e e e e - = =
»
10°
3.7fM
10716 107 107" 10710
DNA concentration (M)
c
® FND
® AuNP
L
S10'f
€ 800 aM
©
2
L
T
o
2
7]
10°
10718 10718 10714 10712 10710
DNA concentration (M)
e
0.04

(=)

-0.02

-0.04

Normalised lock-in amplitude difference

1500 2000 2500

Time (s)

0 500 1000

Extended DataFig. 9| See nextpage for caption.

Signal-to-blank ratio

120 nm
200 nm
600 nm

. . .

10—16

10" 10712 10710

DNA concentration (M)

T = DNA blank
== DNA saturation
1.8F * Experimental data
1.6}
()
©
214}
g
©1.2F
£
o
$08F
©
Eo6f
S
P4
0.4F
0.2F
Negative Plasma Clinical Standard
0 N
31 600
Number of FNDs
-4
35 10

N

-

e
&)

Normalised lock-in amplitude difference
U

0

500

1500 2000 2500

Time (s)

1000



Extended DataFig. 9 |Comparison of LODs of model ssDNA withreal

RPA amplicons and gold nanoparticles. a, The dilution series of the real

RPA ampliconsand the model ssDNA ‘amplicons’ were plotted against
concentration for 600 nm FNDs (dots showing means with error bars showing
s.d.,n=3-9technical replicates, n=3 measurement replicates) with their
respective linear fits (solid lines with 95% confidence intervals of the fit shown
shaded). The curves are similar, with fitted K, values of 29 and 22 fM for model
andreal amplicons, respectively, and similar dynamic ranges. The real
amplicons showed increased variationinthe blanks, leading to a higher blank
cutoffgiving ahigher LOD, and slightly reduced signal-to-blank ratio. b, The
dilution series of model ssDNA ‘amplicons’ were plotted against concentration
for120,200 and 600 nm FNDs (dots showing means with error bars showing
s.d., n=3technicalreplicates, n=3 measurementreplicates) with their
respective linear fits (solid lines with 95% confidence intervals of the fit shown
shaded). The LODsare3.7,3.6and 0.8 fMrespectively.c, Comparison of 600 nm
FNDswith40 nm gold nanoparticles onLFAs, often usedin LFAs owingtoa
good compromise between stability (and therefore ease of functionalization),
and sensitivity®®. Serial dilutions are plotted (dots showing means with error

barsshowings.d., n=3technicalreplicates, n=3 measurementreplicates for
the FNDs; and dots witherror bars showing the s.d. across the testline,n=1
technical replicate, n=1measurement replicate for the gold nanoparticles).
LODs are calculated as previously, giving 800 aM and 6.0 pM, respectively.

d, e, AMonte Carlo simulation of the signal variation that can be explained by
the FNDssize distribution (from DLS measurementsin Extended Data Fig. 3b)
was performed (7=200,000). The violin plots (d) show the normalized
simulated random variationinlock-in amplitudes due to the 600-nm FND size
distributioninthe clinical sample assays in Fig. 4d (negative plasma control
and clinical standard). The experimental data are overlaid, showing that FND
sizedistribution explains approximately 8-9% of the total experimental signal
variance. Full details of the simulation are given in Supplementary Information
section 3. A further approximately 0.1-2% of the variance is explained by
periodicdriftin modulation amplitude, shown over 45minin e, normalized to
the mean. f, A plot of the variationinlock-inamplitude due to small changes in
the modulation frequency, F,,. The variance of the frequency is 3 x10™% over
the same period, giving negligible differences inlock-in amplitude.
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Extended DataFig.10|Furtheranalysis of RT-RPA samples.a, ANOVA
analysis was performed on the measured lock-inamplitudes of the FND LFAs,
givingaPvalue of 7.4 x10° and Fvalue 0of 95.6, with 71 total degrees of
freedom. Box plots of the data groups are shown (grouped by RNA
concentration). The horizontal red lines represent the medians, the horizontal
bluelinesrepresent the 25th and 75th percentiles and the notchesrepresent
the 95% confidence intervals of the medians. The black dashed lines represent
therange foreachgroup.b, Agraphical comparison of the means of the groups
(grouped by RNA concentration). The circles represent the means, and the
horizontal lines represent the comparisonintervals of the means from Tukey
HSD post hoc test (overlap of these intervals denotes statistical similarity). The
negative control, highlighted in blue, isshown to be not significantly different
fromthe10and 10~ RNA copy number samples (Pvalues >0.999, shown in
grey), butitissignificantly different from the1,10'and 102 RNA copy number
samples (Pvalues~1078, showninred). ¢, Atable of ANOVA Pvalues. The Pvalue
for the null hypothesis that the difference between the means of the two groups
iszero.d, Comparison of amplification time for alow copy number RT-RPA
sample (average of 1.26 RNA copies). Multiple RPA reactions were runand

stopped after different times, before adding to FND LFAs, as described in
Methods. Anegative controlis shown for comparison, and the dashed line
representstheupper 95% confidenceinterval of the negative control. Dots
show the mean of n=3 measurement replicates, crosses show the individual
measurements, and error bars represent the s.d. e, Early disease detection
using FND LFAs was demonstrated by a seroconversion panel (ZeptoMetrix
Corporation, Panel Donor No. 73698), taken from asingle donor over a period
of six weeks spanning the early stages of an HIV-linfection. The thirteen
samples of the panel were measured on FND LFAs (n=1-2 experimental
replicates, n=3measurementreplicates). The measured values are plotted
along with positive and negative non-amplification controls. They are colour-
coded for RT-PCRresults, and labelled with sample numbers, dates, and copy
numbersinbrackets. Theblank cutoffis defined as the upper 95% interval of
the negative control. The results show that the RNA was detectable on FND
LFAs as early asRT-PCR, and six out of seven RT-PCR-positive samples were
detected on FND LFAs, while six out of six RT-PCR-negative samples were
negative.
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Extended DataFig.11| Detection of HIV-1 capsid protein on using

600 nm FNDs. A serial dilution of the capsid protein was detected on
streptavidin-modified LFAs using asandwich of abiotinylated capture
nanobody and antibody-modified FNDs. The resultsare plotted (n=3-4
experimental replicates, n=3 measurementreplicates), normalized to the
blanks foreachsample set with dots showing means and error bars showings.d.
These datawerethenfitted to aLangmuir curve (equation (6), shownasaline
with shaded areadenoting the 95% confidence interval of the fit). This gives a
LODof120fM, and alowest concentration thatis significantly different from
the blank (at the 95% confidence level) of 3 pM, marked with * Full experimental
details are shownin Supplementary Information section 4.
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Extended DataFig.12|Effect oflateral flow test strip drying onlock-in
amplitude of FND assay. a, Positive and negative lateral flow test strips were
measured over time after running was complete (time = 0), showing a small
increasein the positive strip lock-inamplitude as the strip dries (the initial
lock-inamplitudeisaround 70% of the final value); however, noincrease is seen
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inthe negative control. The shaded areas show the standard deviation between
repeats (n =3 technical replicates). b, The resulting signal-to-blank ratio
variation over time. The shaded areas show the standard deviation between
repeats (n=3 technical replicates), showing that the effect of drying is quite
small compared to strip-to-strip variation.



