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The quantum spin properties of nitrogen-vacancy defects in diamond have diverse
applications including quantum computing and communications’, but nanodiamonds also
have attractive properties for in vitro biosensing, including brightness’, low cost?, and
selective manipulation of their emission®. Nanoparticle-based biosensors are vital for
early disease detection, however, often lack the required sensitivity. Here we investigated
fluorescent nanodiamonds as an ultra-sensitive label for in vitro diagnostics, using a
microwave field to modulate emission intensity’, and frequency-domain analysis6 to
separate the signal from background autofluorescence’, which typically limits sensitivity.
We focused on the common, low-cost lateral flow format as an exemplar, achieving
detection limits of 8.2 x 102 M for a biotin-avidin model, 10°-fold more sensitive than
gold nanoparticles; and a use-case demonstration of single-copy detection of HIV-1 RNA
with a short 10-minute isothermal amplification step, including a pilot using a clinical
plasma sample with an extraction step. This ultra-sensitive quantum-diagnostics platform
is applicable to numerous diagnostic test formats and diseases with the potential to

transform early diagnosis, benefiting patients and populations.
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Fluorescent nanodiamonds (FNDs) containing nitrogen-vacancy (NV) centres (defects
with optical transitions within the band gap) have received considerable attention as a spin
system for use as a qubit in quantum computing and communication, and for quantum

. 1,4,
sensing™*®°

. Such applications stem from the ability of the NV spin state to be optically
initialised and read out, while being manipulated using DC and microwave magnetic fields.
FNDs also have attractive fluorescent properties: high quantum yield, non-blinking, no
photobleaching, stability, low cytotoxicityz’lo, available surface groups for bio-
functionalisation'’, and easy mass manufacture, such as from milling of high pressure, high

3,12
d

temperature diamon . The sensing applications of NV centres®include magnetic field

13-15 16,17 2,18

guantification , temperature sensing "', and biological labelling™™®, the latter including
cellular imaging *°, drug delivery®®, and MRI contrast enhancement®. A key advantage of
negative NV centres (NV') is that their fluorescence can be selectively modulated by spin
manipulation’ (neutral NV° centres cannot), allowing for signal separation for imaging in
high-background environments. This property has been used to improve the contrast for
imaging by modulating the fluorescence with microwaves>*?, magnetic fields*>**, or near-

infrared Iight25. Here, we investigated the use of FNDs for in vitro diagnostics.

Communicable diseases represent an enormous global health challenge,
disproportionately affecting 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, benefiting patients and populations. For example, UK patients starting
antiretroviral therapy for HIV following a late diagnosis saw a reduction in life expectancy of
over 12 years compared to those starting treatment with an earlier diagnosiszs. The earliest
marker of HIV is viral RNA, detectable seven days before antigen and 16 days before
antibodies®. Point-of-care nucleic acid testing, therefore, offers the potential for earlier
diagnosis than either existing laboratory-based nucleic acid tests, or point-of-care protein

tests.
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Rapid point-of-care tests have transformed access to disease testing in a variety of
community settings, including clinics, pharmacies and the home®. Among the most
common tests worldwide are paper microfluidic lateral flow assays (LFAs), with 276 million
sold in 2017 for malaria alone®. LFAs satisfy many of the REASSURED criteria®* for
diagnostics, however, despite widespread use they are still limited by inadequate sensitivity

to detect the low levels of biomarkers necessary for early disease detection.

Fluorescent markers can be highly sensitive, but are practically limited by background
fluorescence from the sample, substrate, or readout technique. In the case of nitrocellulose
substrates used in LFAs, there is a significant background autofluorescence’, which
inherently limits sensitivity. Various methods have been reported to reduce this effect, such
as membrane modification to reduce background fluorescence33, exciting in the near-
infrared range and using upconverting nanoparticles34, and time-gated detection using long-
persistent phosphors®® to separate background fluorescence, which has a shorter lifetime.
These methods have shown ~10-fold improvements in sensitivity over gold nanoparticles,

limited by relatively low brightness.

Here we show the use of FNDs as a fluorescent label in an LFA format as a
demonstrator of their first use for in vitro diagnostics, taking advantage of their high
brightness and selective modulation. The use of a narrowband resonator allows for the low-
power generation of microwave-frequency electromagnetic fields, suitable for a point-of-
care device, to efficiently separate the signal from the background in the frequency domain
by lock-in® detection. We aimed, after characterisation, functionalisation, and optimisation,
to apply FND-based LFAs first to a model system, then to a molecular HIV-1 RNA assay to

demonstrate clinical utility.
Results and discussion

An illustration of the use of FNDs in LFAs is shown in Figure 1. FNDs can be used as
nanoparticle labels on nitrocellulose strips, undergoing a multiple step binding assay with

little user input to bind at the test line in the presence of the target nucleic acids. Once
3
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immobilised, FND fluorescence can be modulated at a fixed frequency using a microwave

field, allowing them to be specifically detected and quantified.

Figure 1: Schematic illustration of the use of FNDs in LFAs. (a) lllustration of the concept of
fluorescent nanodiamonds (FNDs) in a lateral flow assay (LFA). The binding of DNA modifications
causes FNDs to be immobilised at the test line in a sandwich-format LFA. Inset is the atomic
structure of a NV centre, the origin of FND fluorescence. An omega-shaped stripline resonator
applies a microwave field over the LFA, modulating the fluorescence intensity. (b) A schematic
showing more detail of the principle. FNDs are immobilised at the test line in a sandwich structure in
the presence of dsDNA amplicons. Exciting at 550nm (green) produces fluorescence emission
centred at 675nm (red), imaged with a camera. An amplitude modulated microwave field, applied
by the resonator, selectively modulates the fluorescence of the immobilised FNDs at a set
frequency. This allows specific separation of the FND fluorescence from background fluorescence in

the frequency domain, to improve the signal-to-noise ratio.

Microwave modulation of fluorescent nanodiamond emission on paper

An energy level diagram of the NV centre, the origin of FND fluorescence, is shown in
Figure 2a. The triplet ground state is optically driven into an excited triplet state, which then
radiatively decays back to the ground states. Throughout the process, the electron spin
state (ms;= 0, +1) is conserved, however, the m;= +1 excited state levels can decay into a
metastable ‘dark’ state with a corresponding reduction in fluorescence®. Resonant
microwave radiation drives electron spin population from the m;= 0 to the m;= 11 levels,
reducing fluorescence intensity. The microwave field was produced by a voltage-controlled
oscillator connected to an antenna, capacitively coupled to an omega-shaped stripline
resonator that provides a uniform peak field over the measurement area (the area of the

resonator).

Characterisation of the FND fluorescence and microwave field response was
undertaken on the nitrocellulose paper substrate. To investigate the FND fluorescence

intensity with microwave frequency on paper, a wideband resonator was used to perform

4
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continuous-wave electron spin resonance spectroscopy, shown in Extended Data Figure 1a-
c. A plot of FND fluorescence over a wide frequency range is shown in Figure 2b, showing
two peaks at AE = 2.87GHz and AE* = 1.43GHz, corresponding to the triplet level splitting in
the ground and excited states, respectively. Figure 2c shows a narrowband resonator,
characterised in Extended Data Figure 1d-f, designed to have a resonant frequency at
2.87GHz with quality factor Q = 100, which induced a ~3—-6% reduction in measured
fluorescence (Extended Data Figure 1f), varying linearly with the microwave input power in

dBm (see Extended Data Figure 1g-h).

FND fluorescence excitation and emission spectra are shown in Figure 2d. The
presence of NV centres is indicated by presence of the zero-phonon line (ZPL) at ~640nm.
Using an amplitude-modulated microwave field to specifically vary FND fluorescence at a
fixed frequency allows for the application of a computational lock-in algorithm® (shown
schematically in Extended Data Figure 2a), to selectively extract signals at the reference
frequency. This lock-in analysis, shown by Igarashi et al.’, separates the periodic FND
fluorescence from the non-periodic background fluorescence, caused by nitrocellulose

autofluorescence, thus improving sensitivity.

The fluorescence modulation is shown in Figure 2e & f. Figure 2e shows pixel variation
over time: the test line, where FNDs are immobilised, has a high variance compared to the
background, which does not modulate and has low variance. The time-series is shown in
Figure 2f (top) — a square-wave 4Hz amplitude-modulated microwave field modulates the
fluorescence intensity. Applying the lock-in algorithm over a small frequency range gave the
plot in Figure 2f (bottom), an absolute sinc function, the Fourier transform of a square
pulse. The maximum response is shown when the reference frequency matches the
modulation frequency at 4Hz. The optimisation of modulation frequency, sampling
frequency, exposure time and measurement time are shown in Extended Data Figures 2b-e.
Microwave generation was miniaturised using a voltage-controlled oscillator, amplifier and

custom power and timing circuit (65mm x 38mm, Extended Data Figure 2f-g).
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Figure 2: Microwave modulation of FNDs on paper. (a) Energy level diagram of a NV centre.
Splitting in the ground and excited states is labelled as AE and AEx*, respectively. (b) The variation
FND fluorescence under different frequency microwave fields, showing dips at energies AE and AEx.
Some peak splitting is observed around the centre frequency due to a ~3G magnetic field generated
by the resonator (measured with a Gaussmeter). (c) A microscope image of the omega-shaped
stripline resonator used to produce a uniform field at 2.87GHz. (d) Excitation and emission spectra
of FNDs. The green shaded area shows the filtered excitation light used. The emission spectrum area
is reduced under the application of the microwave field. (e) The pixel variation at the test line (with
immobilised FNDs) of an LFA strip under an amplitude-modulated microwave field. (f) The variation
of mean fluorescence intensity over time under the application of the same amplitude-modulated
field (top). Applying at lock-in algorithm over a range of frequencies gives a sinc function peaking at

the modulation frequency (bottom).

Fundamental limits: biotin-avidin model

Following this fluorescence characterisation and optimisation of the modulation
parameters, FNDs were functionalised with biomolecules for incorporation into LFAs. FNDs
with a polyglycerol (PG) layer were used, as the hydrophilic layer reduces non-specific
binding to the nitrocellulose®® (Extended Data Figure 3a), a key limitation of LFA sensitivity.
Three sizes of FND-PG (dynamic light scattering shown in Extended Data Figure 3b) were
functionalised with antibodies via activation of the PG alcohol groups with disuccinimidyl
carbonate (DSC)*’, as shown in Extended Data Figure 3c. Characterisation by scanning
electron microscopy, dynamic light scattering and Fourier transform infrared (FTIR)
spectroscopy in Extended Data Figure 3d-i showed successful conjugation, with no
significant aggregation upon functionalisation and increases in size consistent with the size

3839 The number of active binding sites on the FND surface (600nm

of the conjugants
diameter) was subsequently quantified using quantitative PCR, as described in Methods and
shown in Extended Data Figure 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.
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The fundamental limit of detection (LOD) of FND-based LFAs was investigated using a
model biotin-avidin interaction. A serial dilution of BSA-biotin-functionalised FNDs was run
on LFA strips with a poly-streptavidin test line, so bound directly (rather than in a sandwich
formation), shown schematically in Figure 3a. This high affinity along with the flow rate and
high binding capacity of nitrocellulose ensures that the residency time of the FNDs at the
test line is much longer than the binding time of biotinylated FNDs to the streptavidin
(Extended Data Figure 5a-b). This implies that all the 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 three different particle core diameters: 120, 200 and 600nm.

The resulting LFA test line fluorescence signals were analysed using lock-in analysis,
and by conventional intensity analysis (measuring the intensity difference between the test
line and background), and compared with gold nanoparticles, commonly used in LFAs*’. The
signal-to-blank ratios (SBRs) were plotted against concentration in Figure 3b for 600nm
FNDs. Each dilution series was fitted to a simple linear regression, and the LOD was defined
as the intersection of the lower 95% confidence interval of the linear fit with the upper 95%
confidence interval of the blanks*!. Figure 3c demonstrates this comparison, with images of
the test lines at various concentrations (top). Below (Figure 3c bottom) are time-series of
the fluorescence modulation at each FND concentration, showing that signal modulation

can be measured well below the concentration at which there is a visible test line.

LODs were 200aM, 46aM, and 820zM for particles of 120, 200 and 600nm diameters,
respectively (Extended Data Figure 5d). The larger particles gave the best LODs because the
lock-in amplitude scales with the fluorescence modulation intensity, which in turn scales
with the number of NV centres. The number of NV centres per particle scales with the
volume, so the LOD should scale with diameter cubed. Additionally, surface effects reduce
the fluorescence of NV centres close to the surface, so a larger volume to surface ratio

should increase fluorescence intensity.
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LODs using 600nm FNDs were 820zM and 83aM for lock-in and conventional analysis
respectively, yielding a 620-fold improvement in signal-to-background ratio, giving a 100-
fold improvement in the LOD. This increases to an 810-fold improvement in signal-to-

background ratio using 120nm FNDs, giving a 380-fold improvement in the LOD.

This fundamental LOD of 820zM corresponds to 0.5 particles/uL, or just 27 particles in
a 55uL sample. For comparison, the same experiment was performed with 50nm gold
nanoparticle labels, commonly used in LFAs* due to their ease-of-functionalisation and
strong light absorption. 600nm FNDs were five orders of magnitude more sensitive. Useful
gold nanoparticle sizes on LFAs are also limited by the broadening of the plasmonic peak,
whilst larger FNDs become brighter. Due to the low numbers of particles detected, the LODs
of biological assays are expected to be limited by non-specific binding and equilibrium

considerations, rather than the fundamental sensitivity of FNDs.

Figure 3: Characterising the fundamental limit of detection using biotin-avidin binding of FNDs on
LFAs. (a) Schematic of the assay — FNDs functionalised with BSA-biotin were run on streptavidin-
printed LFA strips, binding directly to the test line. The arrow shows the flow direction. (b) A dilution
series of 600nm FNDs was measured by both lock-in analysis and conventional intensity analysis,
and compared to 50nm gold nanoparticles, giving LODs of 820zM, 83aM, and 81fM, respectively.
Lock-in analysis gave a 100-fold improvement over conventional intensity analysis, and a 98,000-fold
improvement over gold nanoparticles. Error bars show standard deviations of three technical
replicates (nr= 3), and three measurement replicates (ny = 3) for each sample. (c) An illustration of
this comparison, with example images at various concentrations (above), and intensity-time plots
(below), showing that a periodic signal is still evident after the test line is no longer visible in the

images.

Single-copy detection of HIV-1 RNA with isothermal amplification

This technology platform was then applied to a proof-of-concept assay, detecting DNA
amplicons. The assay is based on a reverse transcriptase-recombinase polymerase

amplification (RT-RPA) reaction for the detection of HIV-1 RNA, which is performed with

8
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modified primers to form a sandwich structure on the nitrocellulose, as shown in Figure 4a.
Following assay optimisation, shown in Extended Data Figures 6-8 and described in
methods, LFAs were performed with serial dilutions of RT-RPA products using three particle
sizes (120, 200 and 600nm). 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. Resulting plots of SBR against amplicon concentration are
shown in Figure 4b, and fitted to the Langmuir adsorption isotherm model (Methods
Equation 6). The LODs were measured as 9.0, 7.5 and 3.7fM for 120, 200 and 600nm
diameter FNDs, respectively. The 3.7fM LOD with 600nm particles corresponds to 2,200
copies/pL, or 1.1 x 10° copies in total (190zmol of DNA).

A model ‘amplicon’ (described in methods and characterised in Extended Data Figure
9a-b) was used for a comparison of the 600nm particles with 40nm gold nanoparticles. The
resulting LODs, plotted in Extended Data Figure 9c, show that FNDs give a ~7,500-fold
improvement over 40nm gold nanoparticles. The ~13-fold reduction in improvement over
gold nanoparticles compared to the biotin-avidin model is due to non-specific binding. The
blanks in the DNA assay have the same FND concentration as the positives, whereas the
biotin-avidin assay has ‘true blanks’ (only running buffer). The resulting small lock-in
amplitude in the blanks is ~13-fold higher than a ‘true blank’ signal (noise), showing no
significant difference from the blanks from the biotin-avidin assay multiplied by this factor

of 13 (the two-tailed t-test P value= 0.33).

This level of sensitivity from the FND labelling means that a short amplification step
before adding to the LFA could lead to single-copy detection, with typical amplification
factors for isothermal RPA of 10%in 10min*%. This was subsequently demonstrated by
performing 10min (37 ‘C) RT-RPA reactions on serial dilutions of HIV-1 transcript RNA,
before adding a 6X running buffer solution to the purified products, and running on LFAs as
previously. The resulting SBRs are plotted against RNA input copy number in Figure 4c,
showing a LOD of lcopy. Positive results were achieved down to a single RNA copy.

Statistical analysis of the lock-in amplitudes (analysis of variance) is shown in Extended Data
9
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Figure 10a-c. Due to the 10-minute amplification time, all concentrations >1copy reach the
saturation signal, so a qualitative yes/no result is given. The variation of SBR with
amplification time is shown in Extended Data Figure 10d, where single-copy reactions were
run for different times. A detectable signal was observed after a 7-minute 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, a proof-of-
concept clinical sample (UCLH clinical standard, 4 x 10" copies/uL) was successfully
detected. This involves the addition of an RNA extraction step, shown in Figure 4d, which
would need to be adapted to the point-of-care. 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 a mean SBR of ~19 compared to the negative

plasma control.

In order to demonstrate the suitability of this system for rapid, early disease
detection, a small proof-of-concept was performed using a seroconversion panel of thirteen
samples taken over six weeks spanning the initial stages of an HIV-1 infection. Extended
Data Figure 10e shows that RNA is detected as early as with the RT-PCR gold standard,
giving positive results for 6/7 RT-PCR-positive, and 0/6 RT-PCR-negative samples. This is a
preliminary study and further optimisation with clinical samples and a larger study is

required to precisely ascertain the clinical sensitivity.

Figure 4: Single-copy detection of HIV-1 RNA on LFAs using RT-RPA and FNDs. (a) A schematic of
the assay. Digoxigenin and biotin-modified primers were used in a RT-RPA reaction to produce
labelled amplicons, which bind to anti-digoxigenin-functionalised FNDs, and streptavidin printed test
lines on the LFA strips, forming a sandwich structure in the presence of amplicons. (b) Dilution series
of amplicons were run on LFAs for three different particles sizes (120, 200 and 600nm). Serial
dilutions were plotted (dots with error bars showing standard deviations, ny= 3-9, ny,= 3), and fitted
to the Langmuir adsorption model in Methods Equation 6. Limits of detection for 120, 200 and
600nm diameter FNDs were 9.0, 7.5 and 3.7fM respectively. * marks the lowest concentrations for
each particle size that are significantly different from the blanks at the 95% confidence level,

calculated by ANOVA. (c) Serial dilutions of HIV-1 RNA copies were amplified with RT-RPA (10min),
10
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purified, and run on LFAs with 600nm FNDs. The RNA concentration was plotted against signal-to-
blank ratio (dots showing the mean, error bars showing standard deviations, and crosses showing
individual measurements), with four experimental replicates (ng = 4), and three measurement
replicates (ny = 3) for each sample. Single-copy sensitivity was achieved. (d) The system was applied
to a proof-of-concept positive clinical sample (UCLH clinical standard), and negative human plasma
control, giving a mean SBR of ~19 and a P value between the negative and positive clinical samples

of 8 x 10 with a t value of -19.3 from an unpaired one-tailed t-test.

Conclusions

Herein, we have shown the use of FNDs as an ultra-sensitive fluorescent label for in vitro
diagnostic assays, using microwave-based spin manipulation to increase the signal-to-
background ratio, and therefore sensitivity. The system was demonstrated in an LFA format
with two assays. Using a biotin-avidin model, a fundamental LOD of 0.5particles/uL 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 data capture (compared to visual interpretation). Applying FNDs to a
sandwich assay for oligonucleotide detection, single-copy sensitivity was achieved for the
detection of RNA with a 10min RT-RPA step, using 600nm FNDs. The sensitivity of the FND
detection system (LOD of 2,200 copies/puL with RT-RPA amplicons, measured post
amplification) meant a short amplification time is possible whilst achieving higher sensitivity

45’48, making the test more

than has been previously demonstrated with other nanomaterials
suitable for point-of-care applications. A comparison with other fluorescence-based
amplicon detection on LFAs is 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.

There are remaining challenges to translate this exemplar RNA detection assay
towards a rapid point-of-care test meeting the REASSURED criteria®®, summarised 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 in resource-limited
11
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settings*’, and removing the wash step. However, the sensitivity of this transduction
technique means there is leeway for sensitivity reductions, whilst retaining clinical
relevance: we have demonstrated single-copy detection with a 10min RT-RPA step, up to
50-fold greater sensitivity than the World Health Organisation viral suppression threshold of
1,000 copies/mL49. It is also flexible and easily translatable to other assays: amplification
methods using modified primers, including existing PCR assays, by changing only the
primers; direct detection by hybridisation of complementary modified probe sequences to a
molecular target; or protein detection in a sandwich assay using modified antibodies. In
order to demonstrate this, detection of the HIV-1 capsid protein using FNDs on paper was
evaluated, shown in Extended Data Figure 11, giving a LOD of 120fM. FNDs are also
applicable to a range of other in vitro diagnostic test formats. In addition, due to the long
fluorescence lifetimes of NV centres® compared to nitrocellulose’, time-gated fluorescence

measurements could be used to further improve FND-based LFA sensitivity.

The low power consumption (0.25W microwave power), optical readout, and
potential portability of this technique make it suitable for ultra-sensitive diagnosis and
monitoring in low-resource settings, with a portable fluorescence 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 a microscope to
such a portable device. FNDs on paper microfluidics offer a sensitive, robust labelling and

readout method for in vitro disease diagnostics.
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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
18



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

frequencies to determine reflected and absorbed power. The design was based on copper
patterned on a printed circuit board, using Rogers 4003C substrate for low dielectric loss at
microwave frequencies. The top side had an interdigitated capacitor and a capacitor-
inductor omega-shaped loop, and the bottom had a ground plane. The dimensions of these
components were varied iteratively to maximise the absorption at 2.87GHz and ensure an
impedance of 50Q for coupling to the frequency generator. The final design was exported

as a 2D CAD file.

Preparation of functionalised FNDs. PG-functionalised FNDs were conjugated to Abs using
DSC as shown in Extended Data Figure 3c. DSC activates hydroxyl surface groups to form
succinimidyl carbonates, which can then react with antibodies to form stable carbamate or

urethane bonds®’.

In a typical synthesis, 100uL FND-PG (1mg mL™, Adamas Nanotechnologies, high brightness
120nm core + 20nm PG FND NDNV140nmHiPG2mg) were centrifuged at 21,130rcf for
7.5min to condense the particles into a pellet. The supernatant was then removed and the
FNDs were resuspended in anhydrous N,N-Dimethylformamide (DMF, 99.8%, Sigma-
Aldrich). After resuspension in DMF, the colloidal solution was sonicated for 5min in an
ultrasonic bath. The washing and sonication steps were repeated three times to remove
water. After the last centrifugation, the particles were resupended in 100uL of a 50mg mL™"
solution of DSC (295%, Sigma-Aldrich) in DMF and placed in a thermoshaker for 3.5h at
300rpm and room temperature. Excess reagents were removed by three cycles of

centrifugation and resuspension in DMF (as described above). After the third centrifugation,

the particles were resuspended in 100uL deionised water.

Depending on the desired surface functionalisation, 13.7uL of anti-digoxigenin antibodies
(1mg mL™, Abcam plc, ab76907) or 6.8uL BSA-biotin (2mg mL ' in deionised water, Sigma-
Aldrich) were added to the activated FNDs. The mixture was placed in a thermoshaker
overnight for 15h at 300rpm and room temperature. The remaining succinimidyl

carbonates were quenched by adding of 10uL of Tris-HCl pH 7.5 (1M, Thermo Fisher
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Scientific). After 30min, the unbound reagents were removed by three cycles of
centrifugation and resuspension in deionised water (100uL) and stored in 100uL of PBS with

0.1wt% BSA.

After functionalisation, the FND concentrations were quantified by fluorescence intensity,
as this remains unchanged during the functionalisation reactions: the fluorescence
originates from the atomic structure of the FNDs, so is unaffected by surface modifications.
This was carried out by performing a serial dilution of the FND stock solution (of know mass
concentration, ¢p, of 1mg mL ™" based on manufacturers specifications) and using a
spectrophotometer to measure the fluorescence compared to the functionalised-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 functionalised particles. Examples of this for the three different
particle sizes are shown in Extended Data Figure 5c. This was converted to molar
concentration (Cp) using the diameter (d), density of diamond (p), and Avogadro constant

(N4), shown in Methods Equation 1:

cp(mg mL™1) 103
d?(nm?) %-p(mg nm~3) - Ny(mol~1)

Cp(M) = (1)
Characterisation of Nanoparticles. Excitation spectra of the FNDs were acquired with a

fluorescence microplate reader (SpectraMax i3, Molecular Devices LLC) and served as a

reference to estimate the final FND concentration by comparison of the fluorescence

intensity with the stock solution. Emission spectra were recorded with a spectrometer

(SPM-002, Photon Control) with a 500nm LED light source (pE-4000, CoolLED). FTIR

spectroscopy was performed by conjugating particles as described above, and storing in

deionised water (maximum of 2 days), before centrifuging at 21,130rcf 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 measurement. Dynamic light scattering data and zeta
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potentials were measured with a Zetasizer (Zeta Sizer Nanoseries, Malvern Instruments Ltd)
using a 150-fold dilution of the FNDs. The resulting number plots were fitted to the skewed

exponential in Methods Equation 2 to find the peak diameter.

where N is the number fraction, x is the diameter, u is the mean of the diameter

distribution, o is the standard deviation, and «a is the skew parameter.

Quantification of antibody binding sites on FND surface. In order to quantify the number
of active antibody binding sites on the surface, an assay similar to PCR-ELISA and Kim et al.>*
was developed. 300uL FNDs were functionalised with anti-DIG antibodies, as described in
Methods, except the final suspension was in DNase/RNase-free distilled water (Thermo
Fisher UltraPure) rather than storage buffer, and the particles were concentrated 5-fold (to
5pM, 60pL). The suspension was subsequently split in half for a positive sample and a
negative control, and 6pL of a 6X running buffer solution was added to each, to a final
concentration of 1X running buffer (5% milk + 0.05% Empigen in water). A large excess of a
DIG-modified DNA sequence (0.9uM final concentration) was added to the positive sample,
and the same excess of the same DNA sequence, but with no DIG modification was added
to the negative control. A short DNA sequence (82bp) was used to avoid the bound DNA
blocking available sites on the FND surface. The DIG-DNA was left to bind to the FND-Ab for
2h. After binding, each solution was diluted to 400uL in DNase/RNase-free distilled water
before centrifuging at 376rcf for 2min and removing the supernatant. This washing was
repeated four times to remove excess DNA, with the final suspension in 150pL 100pug mL™

salmon sperm DNA solution (Thermo Fisher UltraPure).

Quantitative PCR (qPCR) was then performed on the final suspensions. The template,
primers and probe sequences are listed in Extended Data Figure 8d (assay taken from

Besnier et al.>?). The master mix was the TagMan Fast Virus 1-Step Master Mix (Thermo
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Fisher) with primers at 300nM and the probe at 150nM, and 4uL of sample in a total
volume of 15pL. The standard was constructed from serial dilutions of the pHRSIN-CSGW
plasmid>3. The gPCR was performed by an Applied Biosystems 7500 Real-Time PCR System
(Thermo Fisher), and the copy numbers quantified by the 7500 software (v2.0.6). The FND
concentrations in the final suspensions were measured as described in Methods. 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 2929 clinical isolates of HIV-1 from the
Los Alamos HIV Sequence Database®™ to identify conserved areas. The alignment was
mapped to the Dr Michael Edelstein using Geneious Software (version 10.0.6) and a highly
conserved region of 229 bp (1573-1801 bp from HXB2) selected to design five forward and
five reverse primers to be tested in RPA primer selection. Starting from a R9BALAEnv
plasmid (a gift from Greg Towers, UCL), DNA template was produced by polymerase chain
reaction amplification of the 1,503bp template sequence using the Phusion High-Fidelity
PCR Kit (New England Biolabs). Primer sequences used are shown in Extended Data Figure
8d. The thermocycling was performed at 98 °C for 30s, then 30 cycles of: 98 °C for 10s, 65 'C
for 20s, 72 C for 25s, and a final extension of 72 °C for 10min. 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 on a 1.5kb HIV-1 in
vitro transcribed RNA template. Optimisation of the assay is shown in Extended Data Figure
8. RT-RPA of the template was performed using TwistAmp Exo Reverse Transcription Kit
(TwistDx), following the manufacturer’s instructions. The reaction time was 30min at 37 °C
shaking at 200rpm in an incubator (New Brunswick Innova 42). Nucleic acid sequences are
listed in Extended Data Figure 8d, including a fluorescent probe. During amplification,

exonuclease cuts the tetrahydrofuran, releasing the fluorescent tag (FAM) from the
22
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guencher, producing a quantitative signal. The resulting RPA products were incubated with
RNAse A (QIAGEN) for 2h, before purification of amplified template to remove primers and
fragments of RNA using QlAquick PCR Purification Kit (QIAGEN), following the
manufacturer’s instructions. Quantification by measuring absorption at 260nm is
confounded by RNA contamination, so dsDNA quantification was performed using a Quant-
iT PicoGreen dsDNA Assay Kit (Invitrogen), following the manufacturer’s instructions.
Fluorescence measurements were taken with a UV-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 480nM of forward and
reverse primers (for sequences see Extended Data Figure 8d, Integrated DNA Technologies),
1x rehydration buffer (TwistDx), reverse transcriptase (M-MLV Reverse Transcriptase,
Invitrogen) and nuclease-free water (Invitrogen), was prepared in a tube. For each RPA
reaction, 2L of target HIV-1 RNA template was added to 45.5uL of master mix and a
freeze-dried RPA pellet. The reaction was started by adding 2.5ulL of magnesium acetate to
each reaction, giving a final reaction volume of 50uL. The RT-RPA reactions proceeded at 37
‘Cin a thermal incubator for 10min. The RT-RPA products were purified by QIAquick PCR
Purification Kit (QIAGEN) and resuspended in a final volume of 50uL elution buffer for each

reaction.

RT-RPA reaction (UCLH clinical standards): RNA from the UCLH HIV-1 viral load positive and
negative standards (personal communication, gift from Paul Grant, UCLH) was extracted
from a 140uL sample using the QlAamp Viral RNA Mini Kit (QIAGEN) essentially according to
the manufacturer’s instructions, except that elution was in 60uL water. 10uL of extracted

RNA in water was used for each RT-RPA reaction.

RT-RPA reaction (seroconversion panel): RNA from an HIV-1 seroconversion panel (thirteen
samples - ZeptoMetrix Corporation, Panel Donor No. 73698) was extracted from a 140uL

sample using the QlAamp Viral RNA Mini Kit (QIAGEN) essentially according to the
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manufacturer’s instructions, except that elution was in 60uL water. 2uL of extracted RNA in
water was used for each RT-RPA reaction. The RT-RPA reactions proceeded at 37 'Cin a
thermal incubator for 10.5min. The RT-RPA products were purified by QlAquick PCR
Purification Kit (QIAGEN) and resuspended in a final volume of 50uL elution buffer for each

reaction.

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

5mm wide with the test line positioned 7mm from the bottom of the strip.

A major challenge in developing sensitive LFAs is non-specific binding. To this end, sweeps
of running buffers and washing buffers were performed to identify the combination giving
the best SBR (see Extended Data Figure 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 5wt% + 0.05vol% Empigen in deionised
water (running buffer) and 0.2wt% BSA with 0.2vol% Tween 20 in acetate buffer 10mM 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 Figure 7a-b. LFA strips
were run with a dilution series of FND concentration. A positive test (500pM of DNA) and a
negative control (deionised 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 allowed the estimation of the LODs and dynamic
ranges at each FND concentration, as explained in the Extended Data Figure 7c-d and
Supplementary Information 2, leading to the selection of the FND concentration. The
dynamic range is limited by the total number of FNDs at the top end and the non-specific

signal in the negative at the bottom end. The chosen concentration gave a per-strip FND
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cost of less than 0.02¢ (4.8ng of FNDs per strip). Total cost of consumables per test and

estimated costs of a strip reader are shown in Supplementary Table 1.

The LFAs were performed by pipetting the solutions to be run into wells of a 96-well plate,
then dipping the strips into the wells. All LFAs were performed at room temperature.
Purified ssDNA concentrations were measured by absorption using the Nanodrop One‘

(Thermo Scientific).

Assay with FND-BSA-biotin: BSA-biotin-functionalised FNDs were diluted in running buffer
to the particle concentrations shown in Extended Data Figure 5d. 55uL of this suspension

was run on each LFA strip.

Assay for model RT-RPA products: Initial optimisation and benchmarking was performed
using a model ssDNA RT-RPA ‘amplicon’ (a short 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 shown in
Extended Data Figure 9a, validating its use for optimisation, with similar Kpvalues and
dynamic ranges, although more variation in the blanks with real amplicons gives a higher
LOD. A Monte Carlo simulation of the variances of the clinical sample lock-in amplitudes
that can be explained by FND size distribution gives a value of ~8-9% of the total variance
(Extended Data Figure 9d). A further ~0.1-2% of variance is explained by periodic drift in
the modulation amplitude (Extended Data Figure 9e), and frequency noise contributes
negligible variation (Extended Data Figure 9f), indicating that the majority is from other
factors, such as strip-to-strip inconsistency. This strip-to-strip variation is more evident with
larger FNDs, which could be because they are close to the minimum pore size of the
nitrocellulose. LODs for the three FND diameters using the model ssDNA ‘amplicon’ is

shown in Extended Data Figure 9b.

A single strand of DNA (26 bp), functionalised 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
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digoxigenin functionalised primers. These model ssDNA strands were diluted in running
buffer and 50uL of this solution was mixed with 5uL of anti-digoxigenin antibody-
functionalised FND suspension (1,400, 170 and 3fM in PBS for 120, 200 and 600nm
diameters, respectively). After 10min at room temperature, these solutions were run on
LFA strips. After all the solution was run (approximately 10min), the strips were transferred

to wells of a 96-well plate with 75uL of washing buffer (~12min).

Assay for real RT-RPA products (amplicon serial dilution): After purification and
guantification of amplicons, the assay was run and washed identically to the model RPA
products above with FND concentrations of 2,600, 120 and 4fM for 120, 200 and 600nm

diameters, respectively.

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 a
digoxigenin molecule at one end and a biotin molecule at the other. These modifications
bind to anti-digoxigenin-functionalised FNDs, and the poly-streptavidin test line on the
nitrocellulose paper, respectively, forming a sandwich structure and immobilising FNDs in

the presence of amplicons, as shown in Figure 4a.

Final assay for RNA quantification with RT-RPA: After purification, 10uL of 6X running buffer
(30wt% non-fat milk with 0.3vol% Empigen in deionised water) was added to the 50uL RT-
RPA product. 5uL of anti-digoxigenin antibody-functionalised FND suspension was added
before running the strips as above. For the lowest positive sample (average of 1.26 copies),
there is a 71% 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 replicates. For the next
dilution (average of 0.13 copies), these probabilities fall to 0.019% and 0.60%. These

probabilities are consistent with the results in Figure 4.

Fluorescence Modulation and Imaging. The paper strips were imaged using a fluorescence

microscope (Olympus BX51) with a 550nm green LED as excitation light source (pE-4000,
26



677  CoolLED), with a filter cube containing an excitation filter (500nm bandpass, 49nm

678  bandwidth, Semrock), a dichroic mirror (596nm edge, Semrock) and emission filter (593nm
679  long-pass, Semrock). A 20x/0.4 BD objective (LMPlanFl, Olympus) was used. Images were
680 recorded with a high-speed camera (ORCA-Flash4.0 V3, Hamamatsu) using HCImage Live

681  software (Hamamatsu).

682  All strips were measured when dry to eliminate any possible variation due to drying during
683  measuring. Extended Data Figure 12 shows the detection on wet strips and the effect of
684  drying on the lock-in amplitude of the FND signal. This experiment was performed by

685  running positive and negative LFAs with the model ‘amplicon” as above, then fixing each

686  strip to the microscope stage directly after completing the wash step. A 15-second lock-in
687  measurement at an exposure time of 20ms was taken every 1min. The light source was only
688  on during measurement to prevent it speeding up drying. One of the negative controls was
689  measured for less than 55min (35min), so its mean was used after this time in Extended

690  Data Figure 12. There is a small loss in sensitivity on wet strips (~1.4-1.9x), corresponding

691  to a necessary increase in isothermal amplification time of less than 1min.

692 A microwave field was generated by a voltage controlled oscillator (VCO, Mini-Circuits,
693  ZX95-3360+) and a low noise amplifier (Mini-Circuits, ZX60-33LN+) connected to the

694  resonator circuit board (Minitron Ltd, Rogers 4003C 0.8mm substrate and lozft™? copper
695 weight). The resonator was attached to the microscope stage. The tuning voltage of the
696  VCO was set to maximise the decrease in fluorescence. Modulation of the signal was

697  achieved by modulating the input voltage of the VCO with an on-chip reference frequency

698  generator at 4Hz using a

699  32.768kHz crystal oscillator (DS32KHZ, Farnell Ltd) with a 14-stage frequency divider
700 (CD4060BM, Farnell Ltd). Circuit board design was performed using EAGLE (Autodesk). A
701  sweep of modulation frequencies was performed using this VCO and amplifier, using a

702  microcontroller (Arduino Nano 3.0) to generate the different modulation frequencies.
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The power dependence of the decrease in fluorescence was recorded using a benchtop
microwave generator (HM8135, Rohde & Schwartz Hameg) and a low noise amplifier (Mini-
Circuits, ZRL-3500+). A broad sweep of microwave frequencies was measured with RF signal

generator (WindFreak Technologies LLC, SynthUSBII).

Computation lock-in and LOD. The fluorescence signal was modulated with a set
modulation frequency (F,;,) and the amplitude of the resulting signal was computed with a
computational lock-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 to= 0 to t; = L/F;, where L was the total number of
frames. A moving average low-pass filter with a span width of 1.5 - F/F,, was applied to the
fluorescence time series. The filtered signal, Vi, was multiplied by two reference signals: in-

phase (sin(2rFyt)) and /2 out-of-phase (cos(2rtF,t)) to obtain Viand V,, respectively:
V= Vin+ sin(2mFmt) (3)
Vy= Vin+ cos(2mFmt) (4)

The DC components of these two signals, X and Y, were calculated by finding the mean of V,
and V), respectively, and enabled the evaluation of the magnitude R of the lock-in

amplitude at the frequency F,, according to:

R=+X2+Y2 (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, c, to a linear regression. Where there
was saturation, (all assays except BSA-biotin assays) a Langmuir isotherm was fitted:

[T]

SBR:kO-l—kl'KDT[T]

(6)
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where ko is SBR of the negative control, k; is a scaling constant representing the SBR at
target saturation, [T] in the amplicon concentration, and K 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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Data Availability

The datasets generated during and/or analysed during the current study, and the computer
code used are available from the corresponding author on reasonable request, in line with

UCL and funder’s requirements (EPSRC policy framework on research data).

Extended Data Captions

Extended Data Figure 1: Optimisation of microwave modulation. A linear resonator was designed
to have a wideband response over the range 1-4GHz, and an omega narrowband resonator was
designed to have a stronger, narrower resonance at 2.87GHz with quality factor Q = 100. The
schematic printed circuit board layouts for the two resonators are shown in (a) and (d), respectively.
The resulting simulated fields are shown in (b) and (e), respectively. The reflected power (S11) is
plotted against frequency in (c) and (f). The narrowband resonator shows 5-6 orders of magnitude
greater absorption than the wideband resonator at 2.87GHz, indicating resonant coupling giving
strong absorption. (f) Also shows the corresponding FND intensity dip. (g) Emission spectra of FNDs
acted on by a 2.87GHz microwave field. The powers listed in decibel-milliwatts are the output power
of the microwave generator (before the 17dB amplifier). (h) Each spectrum is integrated over the
whole wavelength range to give a total intensity, which is plotted against preamplifier power. This
shows a linear relationship between fluorescence intensity and microwave power (in dBm) above a
threshold power, and up to 7dBm, where the amplifier reaches its 1dB compression power. At this
point, the fluorescence starts to increase again due to a loss in the quality of the sinusoid leading to
power lost in harmonics. Error bars show the standard deviations, with 3 measurement repeats (ny,

=3).

Extended Data Figure 2: Optimisation of lock-in analysis. (a) Schematic of the computational lock-in

algorithm used to extract the microwave modulated FND signal from the background. The input
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signal is high-pass filtered using a moving average filter to remove low-frequency drift. It is
subsequently multiplied by cosine and sine functions with frequency F,,, and the resulting signals are
low-pass filtered to generate the in phase and quadrature components, respectively, of the vector
representation of the signal. The magnitude of this vector is calculated to remove the effect of
phase, giving the output magnitude. (b) The variation of lock-in amplitude with modulation rate (F,,)
at various sampling rates (F,). A single strip with very high intensity was modulated at F,,s between
1-450Hz, and sampled at various F;s between 3.89-996Hz. The resulting plot shows that lock-in
amplitude is independent of F,when F,> 2F,,. (c) and (d) show the relationships between lock-in
amplitude, exposure time (T,) and modulation frequency (F,,). An identical LFA strip was measured
with exposure times between 10-50ms, using the maximum possible F; for each T, and F,s
between 1-15Hz. (d) shows F,, against lock-in amplitude at various exposure times. It is shown that
the lock-in amplitude has its maximum ~5Hz for all frequencies, and reduces when F,,is close to
F/2, its maximum possible value. This is evident in the raw signal plots in (c) for each F,,at a fixed
exposure time of 30 ms. As F,, approaches F,/2, the sampling effects obscure the square wave,
decreasing lock-in amplitude. For maximum lock-in amplitude, the highest possible T, should be
used. Here, we are limited to 50ms by the background autofluorescence of the nitrocellulose, which
saturates the camera above this value. A corresponding F,, of 4Hz was chosen as it is in the optimal
range and is a power of 2, so can be achieved by simply dividing the temperature compensation
crystal oscillator (TCXO) frequency. (e) The variation of lock-in amplitude with total measurement
time at F,,= 4Hz and F;= 20Hz for five different concentrations of FNDs and a negative control,
immobilised with a biotin-avidin interaction. The positive amplitudes stabilise quickly, reaching 5%
of their 15s value in 3.9s for positive results. The negative results take longer to stabilise, reaching
5% of their 15s value in 13s. A measurement time of 15s (300frames) was used for subsequent
measurements. (f) Schematic circuit design of temperature compensation crystal oscillator (TCXO)-
based modulated microwave source. It is powered by a 5 V source which powers a TCXO, which
outputs a 32.768kHz square wave. This is converted to a 4 Hz signal by a 4060 counter chip. This
square wave controls two transistors which deliver 12 V stepped up power (DC converted) to the
microwave VCO. The bias voltage is regulated from 12 V to 8.15 V by a voltage regulator. The VCO
microwave output is amplified by the MW amplifier and transmitted to the omega resonator. (g)
Printed circuit board layout of the prototype (65mm x 38mm). Outputs for the microwave amplifier
and microwave VCO are at the top right and bottom right, respectively. A photo of the printed

circuit board with a pound coin for scale is shown below.
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Extended Data Figure 3: FND characterisation and functionalisation. (a) Comparison of the
nonspecific binding of various commercial FNDs with various surface functionalisations on LFAs. The
lock-in amplitude at the test line was measured to quantify non-specific binding. The LFAs were also
pre-blocked with a polyvinylpyrrolidone-sucrose solution (proprietary method, Mologic). The lowest
non-specific binding was from the PG-functionalised particles (FND-PG), as the PG adds a hydrophilic
layer. (b) Dynamic light scattering of three different FND particle core diameters: 120, 200 and
600nm. (c) A schematic of antibody functionalisation of FND-PG. Disuccinimidyl carbonate (DSC)
activates hydroxyl surface groups to form succinimidyl carbonates, which can then react with
antibodies to form stable carbamate or urethane bonds. (d)-(f) show scanning electron microscope
images of FNDs with particle core diameters of 120, 200 and 600nm, respectively. (g) Dynamic light
scattering was also used to measure the size and aggregated fraction after functionalisation of
120nm FND-PG before and after functionalisation with BSA-biotin or antibodies. Fitting the number
plots to skew exponentials (Equation 3 in methods) gave peak particle hydrodynamic diameters of
106, 121 and 128nm. (h) The fitted peak diameters are plotted with error bars denoting their 95%
confidence intervals, showing no significant difference between the bio-functionalised diameters
(FND-Biotin, FND-Ab), but both are significantly different from the pre-functionalisation diameter
(FND-PG): * indicates a p-value of <0.05 and ** a p-value of <0.01 using a Tukey HSD post-hoc test.
(i) FTIR spectroscopy of FND-PG and antibody-functionalised FND-PG. C-O and C-H peaks, indicative
of the PG layer can be seen in both FND-PG and FND-PG-antibody at ~1,100cm *and ~2,900cm™,
respectively. The FND-PG-antibody spectrum displays additional peaks at ~1,640cm™ and
~1,540cm™, suggesting protein Amide | and Amide Il bonds, respectively®, showing that protein

functionalisation was successful.

Extended Data Figure 4: Quantification of the number of available binding sites per FND. (a)

Initially, binding constants of the anti-digoxigenin (anti-DIG) antibody binding to DIG were measured

using interferometry. Full experimental details are shown in Supplementary Information 1. Binding

at different concentrations was measured and the resulting curves were fitted to exponentials. To

find the equilibrium dissociation constant (Kp), equilibrium binding values, B, were plotted here
@

against concentration, C. A Langmuir adsorption isotherm was fitted (B = < +c) giving a Kpvalue
D

of 5.1 x 107 M. (b) In order to find the on- and off-rates, ko,and k., the observed reaction rates,
kobs, @t each concentration were plotted and fitted to the linear relationship: kops= kogs+ C * kop. The
resulting fitted values are ko,= 1.6 x 10°M™ s and k.= 9.1 x 10”5, (c) A schematic of the assay to
guantify the number of available binding sites per FND. After functionalisation of FNDs with anti-DIG

antibodies, a ~50-fold excess of DIG-modified DNA was added and left to bind for 2h. The negative
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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 Figure 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 2h with
the above excess. The graph shows the fraction of sites on the FNDs which are occupied, with this
~50-fold excess, over a range of Kp, k.,and kysvalues. The red cross in circle marks the location of
the anti-DIG antibody used in this paper (using the values measured in (a) and (b)), indicating that
>99.9% of available sites will be occupied after 2h. This means that quantifying the DNA gives a true
measure of available binding sites. (e) Amplification plot showing the normalised fluorescence
intensity against 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 shaded areas show the standard
deviation of repeats (ny= 3 for standard curve and nr= 6 for samples). (f) The resulting C,values are
plotted against copy number per reaction. Error bars show standard deviations (n;= 3 for standard
curve and ny= 6 for samples). The standard curve was fitted to a logarithmic curve (C;= -3.2logyo
copies + 39), allowing calculation of the number of copies in the DIG-DNA sample and negative DNA
control. Dividing by the particle concentration (measured as shown in Extended Data Figure 5c) 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
200nm? (assuming at least 1 paratope available of at least 75% of the bound antibodies). The
corresponding calculated values for 120 and 200nm particles are 172 and 477 available binding sites

per FND respectively, assuming the same loading density.

Extended Data Figure 5: Lateral flow and FND benchmarking. (a) Measurement of flow rate of

lateral flow strips. During wetting, the flow follows the Washburn equation, where V~t% (inset), and
during fully-wetted flow, Darcy’s law for capillary flow is followed (V ~ t), with a constant flow rate
of 6.9uLmin™’. (b) Using a 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 >~107s. Here, the residency time is measured as 4s, using the flow rate from (a),
so all the FNDs should bind. (c) 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 was performed, from a known stock concentration (filled circles with

error bars showing standard deviations). This was then fitted with a linear regression (lines) to find a
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relationship between fluorescence intensity and concentration. After each FND functionalisation,
the final suspensions’ fluorescence intensities were measured, and the linear fit was used to
estimate concentration (crosses). (d) Fundamental LODs for different size FNDs on LFAs, using a
model biotin-avidin interaction. 55uL suspensions of BSA-biotin-functionalised 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 600nm FNDs. Error bars show standard deviations (nr= 3, ny,= 3). Each series is fitted to a
simple linear regression, shown as the solid line, with 95% confidence intervals shown shaded. LODs
for 120, 200 and 600nm diameter FNDs are 200aM, 46aM, and 820zM 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.

Extended Data Figure 6: Assay optimisation by buffer selection. Sensitivity is limited by the
nonspecific binding of FNDs at the LFA test line. LFA strip blocking, running buffer and washing step
are, therefore, key factors in improving LOD. In this section 120nm FNDs were used for optimisation.
(a) Signal-to-background comparison for the in different running buffers. There is no wash step.
Error bars show standard deviations (ny,= 3). Milk was selected as the basis for the running buffer.
(b) Subsequently, a sweep of different surfactants was performed (ny = 1). The best signal-to-
background ratio came from adding 0.05vol% Empigen, showing a significant increase in the signal-
to-background. There is no wash step. (c) The best running buffer was then used for a washing
buffer pH sweep (ny = 1). All washing buffers were run at a volume of 75uL, chosen because
preliminary experiments showed it to be a good compromise between assay time and washing
success. Although results were similar, pH 5 gave the best signal-to-background ratio, so acetate
buffer at 10mM pH 5 was used as the basis for a second washing buffer sweep, shown in (d), testing
a number of detergents and adding casein at 0.2wt% as a blocking protein (ny = 1). As a final test,
the three best running buffers were tested, each with the three best washing conditions, displayed
as a grid in (e). Each square is the average of three measurements (ny = 3). 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.

Extended Data Figure 7: Optimisation of FND concentration. The background was reduced by
optimising the particle concentration, shown here for 120nm FNDs. (a) A positive LFA strip (500pM

of ssDNA) and a negative control (deionised water) were run at varying FND concentrations
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between 3.88fM and 496fM, plotted against FND concentration, and fitted to simple linear
regressions. The error bars show the standard deviations of repeat measurements (ny,= 3). Linear
regressions are shown by solid lines, and shaded areas show the 95% confidence intervals of the fits.
(b) Signal-to-background ratio, found by dividing the fitted linear regressions in (a), is plotted against
FND concentration. At higher concentrations, where the gradient term of the linear regression
dominates, the positive and negative lock-in values tend to a constant separation on the log-log
plot, so the signal-to-background ratio tends to a constant value of ~27. At low concentrations, the
positive and negative curves converge as the negative lock-in amplitude levels off at the noise
threshold, and the signal-to-background ratio tends to 1. (c) The fitted linear regressions in part (a)
were used, along with the antibody equilibrium dissociation constant measured in Extended Data
Figure 4, to estimate the variation of lock-in amplitude with analyte concentration at different FND
concentrations. The principles and equations are described in full in Supplementary Information 2.
The LOD for each FND concentration is defined as the intersection of this plot with the value of the
blank plus two times the 95% confidence interval at that value, assuming a low concentration
positive would have a similar confidence interval. (d) The estimated LODs and dynamic ranges from

(c), plotted against FND concentration, to determine the optimum.

Extended Data Figure 8: Primer Optimisation. (a) List of forward primers (F1-F5) and reverse
primers (R1-R5) tested for the initial primer screen. (b) An initial primer screen was performed to
achieve the highest amplification efficiency (ny= 3) using the TwistAmp Exo Reverse Transcription Kit
(TwistDx). The yield of each primer combination was measured by the fluorescence of the exo probe
with a fluorescence microplate reader (SpectraMax i3, Molecular Devices LLC). Primers F5 and R3
gave the highest yield, although all the yields were above 63% of this value. (c) Interactions between
forward primers and reverse primers to predict the minimum free energy structures for the ten
primer combinations that gave the largest yield of RPA product in the primer screen. The table
shows the results of simulations in NUPACK>®, using an input of 10uM for each oligonucleotide. The
minimum free energy secondary structures are the most energetically favourable secondary
structures that can be assumed for oligonucleotides of a given primary sequence, calculated using
the nearest-neighbour method®’. Primers F1 and R4 were selected for future work since the
energetics of their hybridisation are much less favourable than that of F3 and R5, yet they still gave
a high RPA yield in the primer screen (93% of the highest yield pair). (d) A list of oligonucleotides
used for PCR, RPA and gPCR assays. The PCR reverse primer included a T7 promoter for RNA

transcription (underlined) and a spacer (bold). (e) Gel electrophoresis of 1,503bp template sequence
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produced by PCR using a 1% agarose gel. (f) Gel electrophoresis of 181bp double-stranded RT-RPA

products using a 1% agarose gel.

Extended Data Figure 9: Comparison of LODs of model ssDNA with real RPA amplicons and gold
nanoparticles. (a) The dilution series of the real RPA amplicons and the model ssDNA ‘amplicons’
were plotted against concentration for 600nm FNDs (dots with error bars showing standard
deviations, ny= 3-9, ny, = 3) with their respective linear fits (solid lines with 95% confidence intervals
of the fit shown shaded). The curves are similar, with fitted Kpvalues of 29 and 22fM for model and
real amplicons, respectively, and similar dynamic ranges. The real amplicons showed increased
variation in the blanks, leading to a higher blank cutoff giving a higher LOD, and slightly reduced
signal-to-blank ratio. (b) The dilution series of model ssDNA ‘amplicons’ were plotted against
concentration for 120, 200 and 600nm FNDs (dots with error bars showing standard deviations, ny=
3, ny = 3) with their respective linear fits (solid lines with 95% confidence intervals of the fit shown
shaded). The LODs are 3.7, 3.6 and 0.8fM respectively. (c) Comparison of 600nm FNDs with 40nm
gold nanoparticles on LFAs, commonly used in LFAs due to a good compromise between stability
(and therefore ease of functionalisation), and sensitivity®®. Serial dilutions are plotted (dots with
error bars showing standard deviations, ny= 3, ny,= 3 for the FNDs; and dots with error bars showing
the standard deviations across the test line, ny= 1, ny,= 1 for the gold nanoparticles) LODs are
calculated as previously, giving 800aM and 6.0pM, respectively. (d) A Monte Carlo simulation of the
signal variation that can be explained by the FND size distribution (from DLS measurements in
Extended Data Figure 3b) was performed (n = 200,000). The violin plots show the normalised
simulated random variation in lock-in amplitudes due to the 600nm FND size distribution in the
clinical sample assays in Figure 4d (negative plasma control and clinical standard). The experimental
data is overlaid, showing that FND size distribution explains ~8-9% of the total experimental signal
variance. A further ~0.1-2% of the variance is explained by periodic drift in modulation amplitude,
shown over 45min in (e), normalised to the mean. (f) shows a plot of the variation in lock-in
amplitude due to small changes in the modulation frequency, F,,. The variance of the frequency is 3
x 10°% over the same period, giving negligible differences in lock-in amplitude. Full details of the

simulation are given in Supplementary Information 3.

Extended Data Figure 10: Further analysis of RT-RPA samples. (a) ANOVA analysis was performed
on the measured lock-in amplitudes of the FND LFAs, giving a P value of 7.4 x 10>’ and F value of
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 blue lines represent
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the 25th and 75th percentiles and the notches represent the 95% confidence intervals of the
medians. The black dashed lines represent the range for each group. (b) A graphical comparison of
the means of the groups (grouped by RNA concentration). The circles represent the means, and the
horizontal lines represent the comparison intervals of the means (overlap of these intervals denotes
statistical similarity). The negative control, highlighted in blue, is shown to be not significantly
different from the 107> and 10" RNA copy number samples (P values >0.999, shown in grey), but it is
significantly different from the 1, 10%, and 10> RNA copy number samples (P values ~107, shown in
red). (c) A table of ANOVA P values. The P value for the null hypothesis that the difference between
the means of the two groups is zero. (d) Comparison of amplification time for a low copy number
RT-RPA sample (average of 1.26 RNA copies). Multiple RPA reactions were run and stopped after
different times, before adding to FND LFAs, as described in methods. A negative control is shown for
comparison, and the dashed line represents the upper 95% confidence interval of the negative
control. Dots show the mean of the measurement repeats (ny; = 3), crosses show the individual
measurements, and error bars represent the standard deviation. (e) Early disease detection using
FND LFAs was demonstrated by a seroconversion panel (ZeptoMetrix Corporation, Panel Donor No.
73698), taken from a single donor over a period of six weeks spanning the early stages of an HIV-1
infection. The thirteen samples of the panel were measured on FND LFAs (n;=1 - 2, ny= 3). The
measured values are plotted along with positive and negative non-amplification controls. They are
colour-coded for RT-PCR results, and labelled with sample numbers, dates, and copy numbers in
brackets. The blank cutoff is defined as the upper 95% interval of the negative control. The results
show that the RNA was detectable on FND LFAs as early as RT-PCR, and 6/7 RT-PCR-positive samples

were detected on FND LFAs, whilst 6/6 RT-PCR-negative samples were negative.

Extended Data Figure 11: Detection of HIV-1 capsid protein on using 600nm FNDs. A serial dilution
of the capsid protein was detected on streptavidin-modified LFAs using a sandwich of a biotinylated
capture nanobody and antibody-modified FNDs. The results are plotted (n;= 3 - 4, ny = 3),
normalised to the blanks for each sample set, and fitted to a Langmuir curve (Methods Equation 6).
This gives a LOD of 120fM, and a lowest concentration that is significantly different from the blank
(at the 95% confidence level) of 3pM, marked with *. Full experimental details are shown in

Supplementary Information 4.

Extended Data Figure 12: Effect of lateral flow test strip drying on lock-in amplitude of FND assay.
(a) Positive and negative lateral flow test strips were measured over time after completed running

(time = 0), showing a small increase in the positive strip lock-in amplitude as the strip dries (the
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initial lock-in amplitude is ~70% of the final value), however no increase is seen in the negative
control. The shaded areas show the standard deviation between repeats (ny= 3). (b) The resulting
signal-to-blank ratio variation over time. The shaded areas show the standard deviation between

repeats (nr= 3), showing that the effect of drying is quite small compared to strip-to-strip variation.
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