
1 1. Materials and Methods

2 1.1. Materials and reagents

3 Gerbu adjuvant was purchased from Gerbu Biotechnik GmbH (Heidelberg, Germany). 

4 Ficoll-Paque PLUS density gradient medium was purchased from Cytiva (Marlborough, MA, 

5 USA). Maxime RT-PCR PreMix kit was purchased from Intron (Seongnam, Republic of 

6 Korea). RNA extraction and DNA purification kits were purchased from Qiagen (Hilden, 

7 Germany). SfiI restriction enzyme and T4 ligase were purchased from NEB (Ipswich, MA, 

8 USA). XL1-blue electro-competent cells were purchased from Agilent Technologies (Santa 

9 Clara, CA, USA). The M13K07 helper phage was purchased from Thermo Fisher Scientific 

10 (Waltham, MA, USA). Anti M13-HRP antibody and TGEX-SCblue Mammalian Expression 

11 Vector were purchased from Antibody Design Labs (San Diego, CA, USA). Anti-Human IgG 

12 Fc Capture biosensors were purchased from Sartorius (Göttingen, Germany). Gold (III) 

13 chloride trihydrate, sodium citrate tribasic dihydrate, hydroquinone, potassium carbonate, 

14 Tween 20, Tris-EDTA buffer solution, boric acid, sucrose for molecular biology, poly 

15 (ethylene glycol) methyl ether, gelatin from bovine skin type B, and Ultra-15 Amicon® 

16 centrifugal filters were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure bovine 

17 serum albumin (BSA) was purchased from GenDEPOT (Altair). Sodium chloride was 

18 purchased from Duksan (Ansan, South Korea). Dulbecco’s phosphate-buffered saline (DPBS) 

19 was purchased from Welgene (Gyeongsan, Republic of Korea). Skim milk was purchased from 

20 Becton Dickinson & Company (Franklin Lakes, NJ, USA). Nitrocellulose membranes with 

21 pore sizes of 8, 10, and 12 μm for rapid tests were purchased from MDI Membrane 

22 Technologies, Inc. (Camp Hill, PA, USA). A lateral-flow backing card (bundle of 100 cards) 

23 was purchased from Kenosha Tapes (Amstelveen, Netherlands). Whatman CF5 dipstick pads 

24 and paper were purchased from Cytiva (Marlborough, MA, USA). ReliaFlowTM conjugate 

25 release pad and sample pad were purchased from Ahlstrom (Helsinki, Finland). Goat anti-

Supplementary Information (SI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2025



1 Chicken IgY Antibody Unconjugated (ABGAC-U) and Chicken IgY Antibody Unconjugated 

2 (AGCIG-U) for the control line were purchased from Arista Biologics, Inc. (Allentown, PA, 

3 USA). Moreover, 400-mesh copper grids were purchased from Ted Pella, Inc. (Redding, CA, 

4 USA), and 4-inch Silicon Wafer was purchased from iNexus, Inc. (Seongnam, Republic of 

5 Korea). 3,3',5,5'-Tetramethylbenzidine (TMB) and Orion™ 8103 ROSS™ Combination Semi-

6 micro pH Electrode were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All 

7 experiments related to gold nanoparticles were conducted using Milli-Q water (18.2 MΩ·cm).

8

9 1.2. Immunization of alpacas for VHH library construction

10 To immunize alpacas, an immunogen was prepared by combining the SARS-CoV-2 

11 NC recombinant protein (provided by HuVet Bio and Dr. Dae-Kyun Jung, KRIBB) with Gerbu 

12 adjuvant FAMA (3030, GERBU Biotechnik) according to the manufacturer's protocol. The 

13 immunogen was administered intramuscularly at 2-week intervals (on days 0, 14, and 28). 

14 Blood samples were collected on days 0, 14 (2 weeks post-primary immunization), 21 (1 week 

15 post-secondary immunization), and 35 (1 week post-tertiary immunization) for serum isolation. 

16 The sera were stored at −80 °C for subsequent antibody titer evaluation. PBMCs were isolated 

17 from alpaca blood collected on day 35 using a Ficoll-Paque PLUS density gradient kit. Total 

18 RNA was extracted from the PBMCs using an RNA extraction kit and reverse-transcribed into 

19 cDNA using the Maxime RT-PCR PreMix kit. The VHH library was constructed from cDNA 

20 using a two-step nested PCR process, and all reactions were performed using the nPfu-Forte 

21 DNA polymerase kit. Primer sets used in each step are listed in Table S4. The first PCR 

22 amplified all alpaca IgG subclasses, generating 650–800 bp fragments. The second PCR re-

23 amplified the VHH fragments while incorporating SfiI restriction sites. The pComb3x 

24 phagemid vector was linearized by digestion with SfiI, and purified using a DNA purification 

25 kit. The amplified VHH fragments were ligated into the linearized vector using T4 ligase and 



1 transformed into XL1-Blue competent cells via electroporation. Transformed cells were plated 

2 on 2xYT agar and incubated overnight at 37 °C. Colonies were pooled into glycerol stocks and 

3 stored at −80 °C. Library quality was assessed based on size, insertion rate, and diversity. 

4 Library size was determined by counting colonies on 2xYT agar plates. Colony PCR and gel 

5 electrophoresis were performed on 20 individual colonies to confirm insert size and sequence. 

6 Sequencing data were analyzed to evaluate the diversity of the VHH inserts.

7

8 1.3. Screening of SARS-CoV-2 NC nanobodies

9 XL1-Blue stocks containing the VHH library were cultured in 2xYT medium 

10 supplemented with 2% glucose and 100 μg/mL ampicillin until they reached the logarithmic 

11 growth phase. To generate polyphages for bio-panning, helper phage M13K07 was introduced 

12 into the culture. The amplified polyphages were concentrated using PEG precipitation, 

13 resuspended in DPBS, and quantified using a NanoDrop spectrophotometer. To identify 

14 nanobodies specific to the NC protein, 96-well plates were coated overnight at 4 °C with 5 

15 μg/mL of the NC protein. The plates were then washed three times with PBST (0.05% Tween 

16 20 in PBS) and blocked with 5% skim milk for 1 h at room temperature (25 °C). Subsequently, 

17 polyphages (100 μL; 2 × 10¹⁴ virions/mL) were added to the wells and incubated for 1 h at 

18 room temperature (25 °C). After four washes, bound phages were competitively eluted using 

19 20 μg/mL of the NC protein for 30 min. The eluted phages were amplified by infecting XL1-

20 Blue cells, followed by helper phage infection to generate polyphages for subsequent rounds. 

21 Bio-panning was conducted for two rounds, and enrichment was assessed using phage titers 

22 and polyphage ELISA. For polyphage ELISA, 96-well plates were coated overnight at 4 °C 

23 with 5 μg/mL of the NC protein. After three washes and blocking with 5% skim milk for 2 h, 

24 polyphages from each round were added and incubated for 1 h at room temperature (25 °C). 

25 The plates were then washed three times, followed by the addition of 0.2 μg/mL of goat anti-



1 M13 g8p-HRP antibody. After 30-min incubation at room temperature (25 °C), the plates were 

2 washed three more times and developed with TMB substrate. Absorbance at 450 nm was 

3 measured using a plate reader. From the third polyphage pool, 40 monoclonal phage clones 

4 were isolated, individually amplified, and screened using the same procedure as for the 

5 polyphage ELISA. The selected monoclonal phages were sequenced to confirm their VHH 

6 sequences.

7

8 1.4. Expression and characterization of SARS-CoV-2 NC nanobodies

9 VHH sequences from the selected monoclonal phages were amplified using TGEX-F 

10 and TGEX-R primers. Amplified fragments were ligated into the TGEX-H6 (The Fc tag was 

11 mutated to an H6 tag) mammalian expression vector using T4 ligase and transformed into 

12 DH5α competent cells. Plasmids containing VHH fragments were identified through colony 

13 PCR and sequencing. Purified plasmid DNA was prepared using an Endofree DNA purification 

14 kit and transfected into ExpiCHO cells using a Gibco ExpiCHO expression system. Culture 

15 supernatants were harvested after 4 days, and the nanobodies were purified using Ni-NTA 

16 columns and an FPLC AKTA startTM system (Cytiva). Purified nanobodies were neutralized 

17 using Tris-HCl (pH 9.0). The binding affinity of the purified nanobodies for the NC protein 

18 was assessed using bio-layer interferometry on an Octet RED96e. Nanobodies (10 μg/mL) 

19 were immobilized onto AHC biosensors at a loading density of 1.2 nm. To measure binding 

20 kinetics, NC proteins were prepared at six concentrations (100, 50, 25, 12.5, 6.25, and 3.125 

21 nM) and analyzed in 1x kinetic buffer (0.02% Tween 20 and 0.1% BSA in DPBS). Association 

22 was recorded for 200 s, and dissociation for 400 s. All experiments were conducted at 30 °C, 

23 and data were globally fitted to a 1:1 binding model.

24

25 1.5. Synthesis of size-dependent GNPs



1 Gold nanoparticles with a diameter of 15 nm were synthesized using the citrate 

2 reduction method.1 Briefly, 1 mL of gold (III) chloride solution (100 mM) was added to 100 

3 mL of sodium citrate aqueous solution (5 mM), which was refluxed in an oil bath at 95 °C with 

4 vigorous stirring for 20 min. After refluxing and stabilizing for 80 min, a red color was 

5 observed. This solution was centrifuged thrice at 7000 ×g for 10 min, and cooled to room 

6 temperature (25 °C), and stored at 4 °C. Subsequently, GNPs with a diameter of 30 nm were 

7 synthesized using a seeding method.2 First, a sodium citrate (2.2 mM) solution was prepared 

8 in Milli-Q water to a final volume of 150 mL. This solution was refluxed in an oil bath at 100 

9 °C with vigorous stirring for 10 min. Then, 25 mM HAuCl4 was rapidly injected into the 

10 solution and stirred for 30 min. Subsequently, the temperature of the oil bath was reduced to 

11 90 °C. Once the temperature reached 90 °C, 1 mL of 60 mM sodium citrate and 1 mL of 25 

12 mM HAuCl4 were sequentially and rapidly injected into the solution. After a 30-min reaction, 

13 sodium citrate and HAuCl4 were added again followed by an additional 30 min of refluxing. 

14 The resulting size-dependent GNP solutions were stored at 4 °C for further use.

15

16 1.6. Fabrication and characterization of nb-GNPs

17 The preparation of nb-GNPs relies on the physical adsorption of nanobodies onto the 

18 GNP surface. The GNP solutions were diluted in Milli-Q water to an optical density of 1 (OD 

19 1), and the pH of 10 mL GNPs was adjusted to pH 7.8–11.8 by adding 0.2 M K2CO3 solution 

20 to allow nanobody conjugation. Next, 1 mg/mL of nanobody solution was added to 10 mL of 

21 GNP solution to achieve a final nanobody concentration of 0.25–3 μg/mL, followed by gentle 

22 mixing for 30 min and incubation at room temperature (25 °C). Unbound nanobodies were 

23 removed by centrifugation at 10,000 rpm for 15 min. Subsequently, the reaction solution was 

24 redispersed in BSA solutions of varying concentrations (0.05–1% (w/v)), blocked for 50 min, 

25 and excess BSA was removed through multiple rounds of centrifugation at 10,000 rpm for 15 



1 min each. The final solution was dispersed in borate buffer (pH 7.5) containing 10% sucrose 

2 (w/v) for subsequent use in the conjugation pad and to ensure long-term stability, and then 

3 stored at 4 ℃. The spherical morphology and monodispersity of the nb-GNPs were visualized 

4 using TEM (JEM–F200 TEM; JEOL, Tokyo, Japan) and SEM (JSM-7610F-Plus SEM JEOL). 

5 The size distribution and zeta potential of the nb-GNPs were analyzed and compared with those 

6 of bare GNPs using dynamic light scattering and zeta potential analysis (ELSZ-2000ZS; 

7 Otsuka Electronics, Osaka, Japan). The UV-visible spectrum and OD, indicative of successful 

8 nanobody conjugation, were measured using a Spectra Max® i3x microplate-reader (Molecular 

9 Devices, CA, USA). In addition, bare GNPs and nb-GNPs were mixed in a 1:1 (v/v) ratio with 

10 100 mM NaCl solution and analyzed by salt aggregation analysis. The surface coating of nb 

11 onto the GNPs was confirmed by evaluating colloidal stability after 30 min of incubation at 

12 room temperature (25 °C). The chemical structure of the nanobodies on the GNP surface was 

13 verified using the characteristic absorption peaks observed in the FTIR spectrum (PerkinElmer, 

14 MA, USA). Additionally, a thermogravimetric analyzer (TGA) (SDT Q600; TA Instruments, 

15 DE, USA) was used to determine the grafting density of the nanobodies onto the nb-GNPs. 

16 The weight loss of nb-GNPs was measured using TGA under nitrogen gas at a constant heating 

17 rate of 10 °C/min over a temperature range of 50–600 °C. The grafting density (σ) of nb on nb-

18 GNPs was calculated using the following formula3:

19 ,
𝜎 =

4
3

𝜋𝑅𝑔𝑜𝑙𝑑
3𝑊𝑛𝑎𝑛𝑜𝑏𝑦𝜌𝑐𝑜𝑟𝑒𝑁𝐴

4𝜋𝑅𝑔𝑜𝑙𝑑
2𝑊𝑔𝑜𝑙𝑑𝑀𝑊𝑛𝑎𝑛𝑜𝑏𝑜𝑑𝑦

20 where R is the average radius, NA is the Avogadro number, and W is the weight fraction.

21 This analysis was also performed on antibody-conjugated GNPs in the same manner and 

22 compared with nb-GNPs. To confirm the target-binding ability of nb-GNPs, the SARS-CoV-2 

23 NC protein was prepared at various concentrations (0–1,000 μg/mL) and mixed with nb-GNPs 

24 (OD 0.2) at a volume ratio of 1:9. The target-binding ability was evaluated based on the 



1 aggregation ratio, calculated as the OD630/OD525, and the increase in size distribution. The 

2 colloidal stability of nb-GNPs was assessed by measuring the consistency in their sizes over 7 

3 days at 4 and 25 °C, respectively. Chicken IgY antibody–conjugated GNPs (IgY-GNPs) for 

4 the control line were prepared using the same method used for the preparation of nb-GNPs; 

5 however, in this process, 1 mg/mL of IgY was used, BSA blocking was performed at 1% (w/v), 

6 and the pH of the GNPs was adjusted to 9.0.

7

8 1.7. Assembly of the LFIA strip

9 LFIA strips consist of an adhesive backing card, nitrocellulose membrane, sample pad, 

10 conjugation pad, and absorbent pad.4 These components were assembled and optimized for the 

11 rapid detection of SARS-CoV-2. First, to select the optimal nitrocellulose membrane, tests 

12 were conducted using nitrocellulose membranes of three different pore sizes (8, 10, and 12 

13 µm). T-line nanobody (0.1–0.75 mg/mL) for the test line (T-line) and goat anti-chicken IgY (1 

14 mg/mL) for the C-line were dispensed at a specified distance from each other on the 

15 nitrocellulose membrane. The dispensing rate was 60 mm/sec, with a volume of 1.2 µL/cm for 

16 each antibody. The membranes were then incubated for 2 h and stored in a desiccator. The 

17 colloidal mixture of nb-GNPs and IgY-GNPs was added to the conjugation pad at various ODs 

18 (OD3–OD8) and mixing ratios (6:4–2:8), dried on a hot plate set to 37 °C, and stored in a 

19 desiccator for future use. Subsequently, all the components were assembled onto the backing 

20 card. The assembled paper was cut to dimensions of 5 × 65 mm. All tested strips were 

21 photographed using a smartphone (Samsung Galaxy S23) at consistent locations and under 

22 consistent conditions. After image acquisition, the intensities were analyzed using ImageJ 

23 software (version 1.47v) (National Institutes of Health, Bethesda, MD, USA). The optimal 

24 conditions for each component were evaluated based on the signal-to-noise (S/N) ratio and 



1 normalized T-line intensity, calculated as T/C, to minimize variations due to C-line intensity 

2 differences, using the following formula:

3 ,
𝑆/𝑁 =

𝑇 𝑙𝑖𝑛𝑒 𝑖𝑛𝑒𝑛𝑠𝑖𝑡𝑛𝑦 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑎𝑠𝑒
𝑇 𝑙𝑖𝑛𝑒 𝑖𝑛𝑒𝑛𝑠𝑖𝑡𝑛𝑦 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑎𝑠𝑒𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑇 𝑙𝑖𝑛𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑇 𝑙𝑖𝑛𝑒
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐶 𝑙𝑖𝑛𝑒

4 where positive strips were treated with 100 μL of 10⁵ PFU/mL of SARS-CoV-2 virus, 

5 and negative strips were treated with 100 μL of 0.25% Tween 20 (w/v). To ensure the reliability 

6 of the results and minimize the influence of environmental factors such as ambient light, all 

7 diagnostic tests and comparative experiments were conducted under the same controlled 

8 conditions.

9

10 1.8. Preparation of viruses

11 The target virus, SARS-CoV-2 (hCoV-19/Korea/KCDC15/2020; 

12 hCoV19/Korea/KDCA43405/2021; GK, B.1.617.2, hCoV-19/Korea/KDCA43408/2022; 

13 GRA, BA.1), were provided by the NCCP (National Institute of Health, Cheongju, Republic 

14 of Korea). This study was approved by the Institutional Review Board (IRB) of the Korea 

15 Research Institute of Bioscience and Biotechnology (KRIBB, approval no. P01-202006-31-

16 008). All experiments involving the use of viruses were performed at the KRIBB, a facility at 

17 biosafety levels 2 and 3 approved by the Korea Centers for Disease Control and Prevention, in 

18 accordance with institutional biosafety requirements. The non-target viruses used to confirm 

19 specificity included the Influenza A virus subtypes H1N1(A/California/04/2009), H3N2 

20 (A/Philippine/2/82) and H9N2, Influenza B virus, and Newcastle Disease Virus. These viruses 

21 were kindly provided by Professor Dae-Sub Song (Seoul National University). 

22

23 1.9. Virus detection procedure



1 SARS-CoV-2 was detected using the nb-GNP strip assay under the optimized 

2 conditions. First, an elution buffer (0.25% Tween 20 (w/v) in T.E. buffer) was prepared, and 

3 SARS-CoV-2 virus (101–106 PFU/mL) was serially diluted in 100 µL of the elution buffer. 

4 During the assay, 100 μL of the sample was applied directly to the sample pad, and the strip 

5 was incubated at room temperature (25 °C) for 15 min. Then, an image of the strip was captured 

6 using a smartphone to evaluate the analysis results. The LOD of the nb-GNP strip assay was 

7 determined through image analysis. The LOD was calculated using the three-sigma method 

8 within a linear range. This detection procedure was then used for several other viruses, as 

9 mentioned earlier, to evaluate the selectivity of the nb-GNP strip assay. Briefly, various viruses 

10 and patient samples were each diluted 100- and 50-fold, respectively, in elution buffer and 

11 applied to the strips in the same manner. Solution with the same viral titer were used for the 

12 antibody-based commercial rapid kit used for comparison, and tests were performed according 

13 to the manufacturer's instructions. 

14

15 1.10. Acquisition of clinical samples

16 A total of 65 nasopharyngeal samples (healthy controls, n = 35; individuals with 

17 SARS-CoV-2 infection, n = 30) were acquired from the Gyeongsang National University 

18 College of Medicine, Jinju, Republic of Korea. The diagnostic results were validated using RT-

19 qPCR. The study protocol was reviewed and approved by the IRB of the Gyeongsang National 

20 University College of Medicine (IRB approval number: 2022–10–012). Before applying our 

21 assay to the 65 clinical samples, we used quantitative RT-PCR (RT-qPCR) to measure the E 

22 genes (Table S2).

23

24 1.11. Statistical analysis



1 All experiments were performed in triplicate (n = 3), and data are presented as mean ± 

2 standard deviation. All analyses were performed using GraphPad Prism 9.5 (GraphPad, 

3 Boston, MA, USA). Logarithmic regression was performed to obtain the LOD using the 

4 following formula: LOD = meanblank + 3 (SDblank). Significant differences were calculated using 

5 the Student’s t-test in GraphPad Prism 9.5 and are indicated by n.s. (not significant) and 

6 asterisks (*, **, ***, and **** for p < 0.05, 0.01, 0.001, and 0.0001, respectively).

7



1 2. Supplementary Figures

2

3 Figure S1. Analysis of binding kinetics of the selected severe acute respiratory syndrome 

4 coronavirus 2 nucleocapsid (NC) protein–specific nanobody. The binding affinity between 

5 the selected nanobody and NC protein was evaluated using bio-layer interferometry (BLI). KD, 

6 Kon, and Kdis represent the equilibrium dissociation constant, association rate constant, and 

7 dissociation rate constant, respectively.

8

9 Figure S2. Characterization of size-dependent gold nanoparticles (GNPs). a) Ultraviolet-

10 visible spectra of 15- and 30-nm GNPs. b) and c) Size distribution of 15- and 30-nm GNPs 

11 respectively. The insets are transmission electron microscopy images of each particle.

12



1  

2 Figure S3. Stability of gold nanoparticles (GNPs) after pH adjustment. a) 15-nm and b) 30-

3 nm GNPs adjusted to various pH values. The ratio of optical density (ODλmax/OD630) was 

4 considerably decreased in the GNP mixture as the pH increased.

5

6

7 Figure S4. Ultraviolet-visible spectra of 15- and 30-nm gold nanoparticles (GNPs) after 

8 nanobody treatment. a) 15-nm and b) 30-nm GNPs were treated with nanobodies at various 

9 concentrations (0.25–3 μg/mL). As the nanobody concentration increased, ODλmax decreased, 

10 whereas OD630 increased.

11



1

2 Figure S5. The stability of nanobody-conjugated gold nanoparticles (nb-GNPs) under 

3 various conditions was evaluated. The stability of nb-GNPs produced under a total of 16 

4 conditions, based on nanobody concentration and bovine serum albumin blocking % (w/v), 

5 was confirmed via the OD525:OD630 ratio.

6

7 Figure S6. Dot blot assay results of various particles. a) Schematic illustration of the dot 

8 blot assay, b) Reactivity of nanobody-conjugated gold nanoparticles produced under a total of 

9 16 conditions in positive and negative cases. The positive cases were treated with 100 μL of 

10 105 PFU/mL of severe acute respiratory syndrome coronavirus 2 virus, and negative cases were 

11 treated with 100 μL of 0.25% Tween 20 (w/v). The membrane for the dot blot assay was 

12 prepared by dotting 1 µL of T-line nanobody at a concentration of 0.25 mg/mL.

13



1

2 Figure S7. Blocking agent screening test. a) Stability of nanobody-conjugated gold 

3 nanoparticles blocked with skim milk, gelatin, and polyethylene glycol (PEG). The OD ratio 

4 of each of three blocking agents was not significantly different from that of bovine serum 

5 albumin (BSA) (red dotted line). b) The strip image of dot blot assay. Skim milk did not 

6 produce a signal owing to excessive blocking, and the signals for gelatin and PEG were 

7 inadequate, as the particles became unstable when applied to the conjugation pad. Therefore, 

8 it was confirmed that all three types of blocking agents were unsuitable compared to BSA.

9

10 Figure S8. Characterization of nanobody-conjugated gold nanoparticles (nb-GNPs). a) 

11 Ultraviolet-visible spectrum, b) hydrodynamic diameter during the fabrication process of nb-



1 GNPs, c) transmission electron microscopy images, and d) scanning electron microscopy 

2 images of nb-GNPs.

3

4 Figure S9. Number of coated molecules on the surface of gold nanoparticles (GNPs). 

5 Thermogravimetric analysis of a) nanobody conjugation sample and b) antibody conjugation 

6 sample. c) Table detailing the number of capping molecules per GNPs particles. Owing to the 

7 low molecular weight of nanobodies, more molecules are bound to the GNPs compared to 

8 antibodies.



1

2 Figure S10. Optimization of nitrocellulose pore size and elution buffer composition under 

3 time-dependent conditions. Signal-to-noise (S/N) ratios obtained at (a) 5 min, (b) 10 min, (c) 

4 15 min, and (d) 20 min using nitrocellulose membranes with different pore sizes (8, 10, and 12 

5 µm) and elution buffers containing varying concentrations of Tween 20 (0.0625–0.5% w/v). 

6 All positive cases for S/N ratio were treated with 100 μL of 105 PFU/mL of SARS-CoV-2, and 

7 negative cases for S/N ratio were treated with 100 μL of 0.25% Tween 20 (w/v). The membrane 

8 for the dot blot assay was prepared by dotting 1 µL of T-line nanobody at a concentration of 

9 0.25 mg/mL. 

10



1

2
3   

4 Figure S11. Characterization of IgY antibody-conjugated gold nanoparticles (IgY-GNPs; 

5 C-line GNPs). a) Size distribution of IgY-GNPs synthesized using 15-nm GNPs. The insets 

6 show transmission electron microscopy images. b) Control line (C-line) intensity depending on 

7 the OD of IgY-GNPs. This confirms that IgY-GNPs reacted exclusively with the C-line without 

8 any non-specific reaction to the Test line (T-line). c) Ultraviolet-visible spectrum of IgY-GNPs 

9 and their mixture with nanobody-conjugated GNPs (nb-GNPs).

10

11 Figure S12. Optimization of lateral flow assay strip conditions. Photographic images of 

12 nanobody-conjugated gold nanoparticle (nb-GNP) strip tests depending on a) the 

13 concentration of the capture nanobody and b) the OD of nb-GNPs. For the positive cases, 100 



1 μL of 105 PFU/mL of severe acute respiratory syndrome coronavirus 2 virus was used. For 

2 the negative cases, 100 μL of 0.25% Tween 20 (w/v) was used.

3

4

5 Figure S13. Assessment of nanobody-conjugated gold nanoparticle (nb-GNP) probe 

6 performance in severe acute respiratory syndrome coronavirus 2 detection. T-line 

7 intensity of our nb-GNPs strip (a) and antibody-based commercial rapid kit (b) for each titer 

8 condition.

9

10 Figure S14. Evaluation for detection of SARS-CoV-2 Delta and Omicron variants. a) 

11 Representative images of our assay and an antibody-based rapid kit tested against Delta and 

12 Omicron variants. b) Quantification of T-line intensities for both assays against Delta and 

13 Omicron variants. The virus samples were all tested in a solution diluted 1/100 in elution buffer 

14 and the photographic images were analyzed using ImageJ software 1.47v. Significant 



1 differences are denoted by the asterisks with p values analyzed by student's t-test (****p < 

2 0.0001).

3

4 Figure S15. Long-term stability. The long-term stability of our assay over 6 weeks was 

5 evaluated using a) the S/N ratio and b) T-line intensity. All positive cases for S/N ratio were 

6 treated with 100 μL of 105 PFU/mL of severe acute respiratory syndrome coronavirus 2 virus, 

7 and negative cases for S/N ratio were treated with 100 μL of 0.25% Tween 20 (w/v). Significant 

8 differences were calculated using ordinary one-way analysis of variance (ns = non-significant).

9

10

11 Figure S16. Representative photographic images of each assay applied to clinical 

12 samples (COVID-19–positive, n = 35; negative, n = 30).



1

2 Figure S17. Evaluation of diagnostic performance in COVID-19 positive cases. a) 

3 Normalized T-line intensity for our assay, with the black dotted line indicating cut-off value 

4 (0.068) b) Normalized T-line intensity of the antibody-based rapid kit, with the black dotted 

5 line indicating the cut-off value (0.007).

6

7

8 Figure S18. Smartphone-based analysis of assay signals. a), b) Process of image analysis 

9 using the smartphone application (RGB Color Detector), which extracts a representative hex 

10 color code (e.g., BAAEB0) from the strip image and converts it into CMYK values for 

11 analysis. The M intensity (magenta channel) was used for signal amplification. c) 

12 Quantitative results obtained from the smartphone application for our assay and the 

13 antibody-based rapid kit.



1 3. Supplementary Tables

2

3 Table S1. Library quality assessment

ID CDR3 nucleotide seq CDR3 amino acid seq

1
AACTCTGTCTTTCCGGTTCCGCTAAGT

TGTGGCGATGAGTATGATTAC
LCLSGSAKLWRVL

2
AATTTCGCCCATCGGACTGCACACCT

TGGGGAGTATGACTAC
NFAHRTAHLGEYDY

3
ACAGCCCCTTGTCCCCTGACATTCATACCCGGCGA

AACGCTCCCGCATGACTAC
TAPCPLTFIPGETLPHDY

4
CGCGTTGTCCACATTGCGGGCGGTGGGTGTTATCCTGCGA

GCCGCGGGGACAAT
RVVHIAGGGCYPASRGDN

5
GCAAAACGTACCACCTATTACAGTAGTAGTTGGTTC

CTCCCCCTTGACTAC
AKRTTYYSSSWFLPLDY

6
GCAAAAGGGGGTGGTAGTTACTACGCAGATT

ACTACGGCATGGACTAC
AKGGGSYYADYYGMDY

7
GCAAAGGCCAGGCGTAGTACAGTGGTGGCTGA

AGCGGCAGACCTCAGTGACTTTGATTCC
AKARRSTVVAEAADLSDFDS

8
GCACCATTTTTCGGGGGTGGAAGAGGG

TCTGTCGTTCGAGGGTTTGAATAA
HHFSGVEEGLSFEGLN

9
GCAGCAATGGCCGCGCACGGTAGTAGCTGGTACTTTCTTA

TGAGGATGTGTACTGAGCCGAGTAAATTTGATCCC

AAMAAHGSSWYFLMR

MCTEPSKFDP

10
GCAGCAGACAAAGGATCAGGGCCATGCGCACAGACGGAA

TTGGGCCTTATCTGGGCAATGGACTAC

AADKGSGPCAQTELG

LIWAMDY

11
GCAGCAGACCCGTCAAGTGTCGCTAATATGTGTGTT

ATGAAGTTATTGGAATGGTATGACCAT

AADPSSVANMCVMK

LLEWYDH

12
GCAGCAGATCCGAATGATCGGATTACTGTCGGCGC

GCCTATGTGTCCTGAAAGTGGCGATTATGAGTATAAATAT

AADPNDRITVGAPMCPE

SGDYEYKY



13
GCAGCATACAGACACCGAACCCCAACCTATG

GATGTTTCTTATCCGTACCGTATGACCAC
AAYRHRTPTYGCFLSVPYDH

14
GCAGCCAACACCGCTAGATACTACTATGGGCC

CGATTCGGATGAGTATGACTAC
AANTARYYYGPDSDEYDY

15
GCAGCCGGTCCAGACAGCAGTAGATGGAG

GGCCGTAAATGCTTGGGTGGACTAC
AAGPDSSRWRAVNAWVDY

16
GCAGCCTCGACTGTTAGTTGTTCGGGCAATG

GGTGGAACCTTTCTGAATATGACTAC
AASTVSCSGNGWNLSEYDY

17

GCAGCGGACTCCAGGGGATTCATTTGTGTTGAAG

GGTACTATAGCCATGGATATAGCGACCTCGAGTATGACTA

C

AADSRGFICVEGYYSHG

YSDLEYDY

18
GCAGGAAACCTGTTTTCATCGGTGGGGG

CTGTCGATTATGACCAC
AGNLFSSVGAVDYDH

19
GCAGTTGGATTTAGTGGGCAACAGTTCGGGAT

ATGTCAGTTATCAGGTACCTATAACTAC
AVGFSGQQFGICQLSGTYNY

20
GCCGCAGATTGTGCCTGTTCAGGC

ACTGCTGCGCAGTTTTGTAAC
AADCACSGTAAQFCN

1

2

3 Table S2. Real-time quantitative polymerase chain reaction (RT-qPCR) results of 65 

4 clinical samples for severe acute respiratory syndrome coronavirus 2-specific gene (E 

5 gene, ORF1ab, RdRp).

6

RT-qPCR result Sample no. E gene ORF1ab RdRp

1 27.84 28.46 0.00

2 18.54 19.65 0.00
Patients with coronavirus 

disease

3 36.54 35.42 0.00



4 15.38 16.93 0.00

5 15.17 16.42 0.00

6 15.25 16.68 0.00

7 24.71 25.28 0.00

8 22.66 23.75 0.00

9 11.71 13.49 0.00

10 18.32 19.62 0.00

11 14.90 16.37 0.00

12 33.03 0.00 33.89

13 15.39 0.00 15.26

14 33.12 0.00 34.07

15 25.42 0.00 25.70

16 13.48 14.51 0

17 12.81 0 11.63

18 19.97 21.92 0

19 16.33 17.86 0

20 21.72 22.41 0

21 13.16 14.83 0

22 18.34 19.06 0

23 20.92 21.32 0



24 18.87 20.34 0

25 14.84 16.13 0

26 16.17 17.06 0

27 12.01 13.42 0

28 15.6 17.08 0

29 13.92 15.58 0

30 17.77 18.83 0

31 17 15.52 0

32 14.89 15.51 0

33 18.17 18.76 0

34 14.48 15.21 0

35 12.59 13.67 0

1 N/A N/A N/A

2 N/A N/A N/A

3 N/A N/A N/A

4 N/A N/A N/A

5 N/A N/A N/A

6 N/A N/A N/A

7 N/A N/A N/A

Healthy controls

8 N/A N/A N/A



9 N/A N/A N/A

10 N/A N/A N/A

11 N/A N/A N/A

12 N/A N/A N/A

13 N/A N/A N/A

14 N/A N/A N/A

15 N/A N/A N/A

16 N/A N/A N/A

17 N/A N/A N/A

18 N/A N/A N/A

19 N/A N/A N/A

20 N/A N/A N/A

21 N/A N/A N/A

22 N/A N/A N/A

23 N/A N/A N/A

24 N/A N/A N/A

25 N/A N/A N/A

1

2

3



1 Table S3. Comparison of the performance characteristics of previously reported assays 

2 and our proposed assay. All compared assays are nanobody-based lateral flow assays 

3 designed to detect emerging and re-emerging viral pathogens. The abbreviations used in the 

4 table are as follows : ZIKV (NS1 protein) refers to the non-structural protein 1 of Zika virus, 

5 MERS-CoV (S1 protein) refers to the S1 subunit of the spike protein of Middle East 

6 respiratory syndrome coronavirus, SARS-CoV-2 (RBD) refers to the receptor-binding 

7 domain of the spike protein of severe acute respiratory syndrome coronavirus 2, and SARS-

8 CoV-2 (N protein) refers to the nucleocapsid protein of SARS-CoV-2.

Target Clinical applicability Variant coverage Limit of detection Reference

ZIKV 
(NS1 protein) Not confirmed Not confirmed 25 ng/ml [5]

MERS-CoV 
(S1 protein) Not confirmed Not confirmed 1.75 nM [6]

SARS-CoV-2 
(RBD) Not confirmed Not confirmed 0.94 nM [6]

SARS-CoV-2 
(N protein) Confirmed (97.4%) Not confirmed 0.4 × 104 copies/ml [7]

SARS-CoV-2 
(N protein) Not confirmed Not confirmed 500 pg/mL [8]

SARS-CoV-2 
(N protein) Confirmed (96.6%) Confirmed 

(Omicron) 6.51 pg/mL [9]

SARS-CoV-2 
(N protein) Confirmed (100%) Confirmed 

(Delta, Omicron) 3.15 x 103 PFU/ml This research

9

10



1 Table S4. Primer sequences used for the construction of an immune library from alpaca 

2 serum. The primer set includes CALL001 and CALL002 for initial VHH amplification, and 

3 VHH-F and VHH-R1 for nested PCR amplification of the VHH domain.

Primer Nucleotide sequences

CALL001 5′-GTCCTGGCTGCTCTTCTACAAGG-3′

CALL002 5′-GGTACGTGCTGTTGAACTGTTCC-3′

VHH-F
5′-CATGCCATGACTCGCGGCCCAGGCGGCC

ATGGCCCAGKTGCAGCTCGTGGAGTC-3′

VHH-R1 5′-GAAGGCCGGCCTGGCCTGAGGAGACGGTGACCWGGGTC-3′

4

5
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