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1. Abstract 

This study explores the use of lateral flow assays (LFAs), recognized for their simplicity and 

ease-of-use, as a tool for characterizing nanoparticles functionalized with various biomolecules 

(e.g., proteins, antibodies and nucleic acids). A half-strip model system was developed using 

ovalbumin (OVA) conjugated to gold nanoparticles (AuNPs). The characterization results 

obtained with LFAs were compared to those from traditional methods such as infrared 

spectroscopy and fluorescence labelling. The advantages of LFAs in characterizing such 

conjugated nanosystems were clearly demonstrated. The use of half-strip assays could not only 

confirm the presence of OVA on AuNPs but also enable the quantification of OVA bound per 

mailto:Ivan.Jabin@ulb.be
mailto:Gilles.Bruylants@ulb.be


3 
 

nanoparticle, offering a rapid and quantitative characterization method. Additionally, the assay 

showcased its versatility, as it was successfully applied to optimize the covalent coupling 

conditions of OVA on AuNPs, as well as to differentiate between covalently bound and 

adsorbed proteins. Furthermore, LFAs were employed to detect antibodies on functionalized 

nanoparticles, optimize their coupling to a newly developed organic coating, and confirm both 

the grafting of nucleic acids onto the surface and their pairing with complementary strands. 

These findings underscore the remarkable adaptability of LFAs for characterizing diverse 

nanoconjugates. Overall, LFAs stand out as a versatile and accessible tool for characterizing 

complex bioconjugated nanosystems, making them highly suitable for rapid Quality Control 

(QC) analysis and bioconjugation optimization. 

 

2. Introduction 

Nanoparticles (NPs) have been extensively studied over the past decades due to their unique 

chemical and physical properties.1 Their intrinsic optical properties, in particular, have been 

widely exploited in biomedical applications.2 For example, fluorescent nanoparticles such as 

quantum dots (QD) and carbon dots (CD) are used in bioimaging.3,4 Additionally, plasmonic 

nanoparticles, such as gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs), are 

applied in photothermal therapy5, drug delivery6 and sensing,7 owing to their strong light 

absorption, with extinction coefficients exceeding 108 M-1 cm-1, arising from their Localized 

Surface Plasmon Resonance (LSPR).8 Other nanoparticles, including dye-doped latex beads, 

cellulose nanobeads, and magnetic iron oxide nanoparticles (IONPs), are also used in various 

biomedical applications and can exhibit interesting, though more limited, optical properties.9 

For biomedical applications, nanoparticles must possess several key features. First, they 

must exhibit high stability in complex biological matrices, such as plasma or saliva. This 

stability is typically achieved by coating the NPs with an organic layer that electrostatically or 

sterically stabilizes the suspension.10,11 Depending on the intended application, nanoparticles 

may be functionalized either by physisorption of polymers12 or poly-charged molecules,13 or by 

chemisorption, using, for example, thiol derivatives for noble metals14 or phosphonic 

derivatives for metal oxides.15 In this context, we introduced a covalent functionalization 

strategy based on the grafting of calix[4]arene tetra-diazonium salts.16,17 These macrocyclic 

molecules can form multiple covalent bonds with metal surfaces, leading to a dense and thin 

organic layer that can be used to functionalize nanoparticles of various compositions and 

shapes.18,19 This calixarene-based approach has been shown to surpass the traditional thiol 

chemistry in terms of stability and controlled composition of the coating.20,21 Secondly, with 
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the growing demand for precision nanomedicine, it is often necessary to target specific organs 

or cells, which requires the attachment of recognition units such as targeting antibodies, 

peptides or aptamers to the NPs.22,23 For drug delivery applications, various (bio)molecules, 

such as nucleic acids, peptides, proteins or anticancer drugs can also be conjugated.24,25 All 

these complex nanosystems are challenging to characterize, especially in regard to the 

confirmation of the presence of (bio)molecules on their surfaces and their quantification. 

Currently, bioconjugation characterization typically requires expensive and specialized 

equipment such as Nuclear Magnetic Resonance spectroscopy (NMR)26,27, Inductively Coupled 

Plasma – Mass Spectrometry (ICP-MS)28, thermogravimetric analysis29 or are based on 

elemental analysis, which usually cannot accurately quantify the proportion of different 

(bio)molecules within complex coating layers.30 Absorption and emission spectroscopic 

methods have also been described, however, these are only valid in specific cases or require 

ligand labelling.31 Overall, these techniques provide limited information on bioconjugation 

efficiency, as most are only qualitative. They also frequently require a significant quantity of 

NPs or a fastidious sample treatment, making them unsuitable for rapid Quality Control (QC) 

analysis or bioconjugation process optimization.  

Lateral Flow Assays (LFAs) offer numerous advantages, including low cost, rapid response, 

and ease of use.32 They are among the most widely used point-of-care devices for detecting 

analytes such as viral proteins, antibodies and nucleic acids.18,33–35 Recently, an LFA-type test  

was also used to discriminate the hybridization capabilities of various DNA aptamers 

conjugated to AuNPs.36 In this context, we envisaged that LFAs could serve both to quickly 

confirm the presence of biomolecules on nanoparticles after a bioconjugation step and to 

quantify the amount of immobilized biomolecules. For this purpose, we developed a series of 

assays that provide detailed insights into the bioconjugation process and enable its optimization. 

Special emphasis was placed on designing a general characterization tool that can be used 

without specialized laboratory equipment, making this straightforward approach suitable for 

routine and rapid QC analysis of nanoparticle/biomolecule nanoconjugates. 

 

3. Materials and Methods 

3.1. Chemicals  

All chemicals were at least of reagent grade. HP170 NC membranes were obtained from 

Cytiva while Absorbent Pads SureWick (1.7 × 30 cm2) were purchased from Sigma-Aldrich. 

Anti-OVA polyclonal Antibody (pAb) (C6534), Ovalbumin and Protein G’(P4689) were 

ordered from Sigma Aldrich. OVA-Alexa647 were obtained from Invitrogen. cDNA-Biotin, 



5 
 

HS-DNA, HS-RNA, and RNA were purchased from IDT (Leuven) and sequences are displayed 

in Table S1. Calix[4]arene X4(N2
+) salt was purchased from X4C. AuNPs-citrate with a mean 

core diameter of 15 nm were synthesized and functionalized with calix[4]arene X4(N2
+) salt 

leading to AuNPs-X4 following a previously reported procedure.37 AuNPs-S-DNA and AuNPs-

S-RNA were produced based on a reported salts ageing procedure.38  

3.2. Measurements 

UV−vis absorption spectra were recorded with a UV−vis spectrophotometer in quartz 

cuvettes. As-synthesized NPs were diluted 10 times with deionized water, unless otherwise 

noted. Attenuated Total Reflection Fourier-Transform Infrared (ATR-FTIR) spectra were 

recorded at 20 °C on a Shimadzu QATR-S FTIR spectrophotometer. The nanoparticles were 

centrifugated, and 2 μL of the pellet were deposited on the diamond. Water was removed with 

a flow of nitrogen gas. Data were processed and analyzed using the instrument software by 

correcting the baseline and setting apodization at 10 cm−1. An LFA dispenser from Claremont 

Bio was used to dispense the test line and ensure reproducibility. 

3.3. Bioconjugation 

Covalent Coupling. 500 µL of an AuNPs-X4 suspension (OD=2.5) were added in a 1.5 mL 

glass vial. Then, 50 µL of MES buffer (100 mM, pH 5.8), 30 µL EDC.HCl (6 mM) and 30 µL 

Sulfo-NHS (10 mM) were successively added and the mixture was stirred for 1 hour. Then, the 

appropriate amount of OVA (100 µg/mL) or Rabbit IgG (100 µg/mL) was added and the 

mixture was stirred for 3 hours at room temperature (see Table VI-S2 for the volume of the 

OVA solution added as a function of the desired protein/NP ratio). The mixture was transferred 

to a 1.5 mL Protein Lobind Eppendorf and filled to 1.5 mL by adding phosphate buffer (10 mM, 

pH 7). After centrifugation at 18000 g for 20 minutes at room temperature, the supernatant was 

discarded, and the pellet was redispersed in 500 µL phosphate buffer (10 mM, pH 7). The 

resulting nanoparticles were stored at 4°C for further characterization. 

Adsorption. 500 µL AuNPs-X4 and 50 µL of phosphate buffer (100 mM, pH 6) were mixed 

in a 1.5 mL glass vial. Then, the appropriate amount of an OVA solution (100 µg/mL) was 

added, and the mixture was stirred for 3 hours at room temperature (see Table VI-S2 for the 

volume of the OVA solution added as a function of the desired protein/NP ratio). The mixture 

was transferred to a 1.5 mL Protein Lobind Eppendorf and filled to 1.5 mL by addition of 

phosphate buffer (10 mM, pH 7). After centrifugation at 18000 g for 20 minutes at room 

temperature, the supernatant was discarded, and the pellet was redispersed in 500 µL phosphate 

buffer (10 mM, pH 7). The resulting nanoparticles were stored at 4°C for further 

characterization. 
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3.4. Synthesis of AuNPs-S-DNA and AuNPs-S-RNA 

AuNPs-citrate were functionalized with DNA or RNA single strands bearing a thiol group 

using the salt-aging method. Initially, the disulfide bridge of the thiolated DNA (SH-DNA) (or 

RNA (SH-RNA)) strands was cleaved with DTT 0.1 M in phosphate buffer saline (PBS). Then, 

SH-DNA (or RNA) strands were purified using a desalting column. After estimation of the 

quantity of purified nucleic acids by UV-visible absorption spectroscopy, DNA (or RNA) 

strands were added to AuNPs-citrate (OD = 8) through successive small additions to reach a 

final amount of 1000 SH-DNA (or RNA) strands/NP in the suspension. Finally, the NaCl 

concentration was increased by steps of 100 mM every 20 minutes until a final concentration 

of 500 mM. The mixture was then stirred overnight at room temperature. The particles were 

then washed by centrifugation four times with water at 15000 g for 20 minutes and the 

supernatant was removed. 

3.5. Synthesis of AuNPs-S-RNAHyb 

For the hybridization, the AuNPs conjugated with single RNA strand were mixed with 500 

equivalents of the complementary RNA strand per particle in phosphate buffer (PB) 10 mM 

and 500 mM NaCl. The suspension was then heated at 65 °C for 10 minutes and allowed to 

return slowly to room temperature. After several hours, the mixture was centrifugated. The 

particles were finally resuspended in PBS and stored at 4°C. 

3.6. Strip Assembly 

 Anti-OVA pAb (0.9 mg/mL) were immobilized on the nitrocellulose membrane as test line 

(T). The NC membrane was dried for 1 hour at 37°C. Then, the absorbent pad was added on 

the NC membrane (with an overlap of 2 mm). Dipstick were cut into 5-mm strips and stored in 

a desiccator. More detailed experimental information is given in SI. 

Finding a universal control line for all systems compatible with such dipstick assays would 

be impossible; therefore, no control line was included. However, the proper functioning of the 

assay can be verified by visually monitoring particle elution and verifying complete sample 

absorption.   

3.7. Assay Procedure 

 In a disposable cuvette, 40 µL of running buffer (1% BSA, 0.1% Tween 20 in 1X PBS) and 

10 µL of AuNPs (OD=2) were mixed. The half strip was partially immersed into the solution 

and read-out was performed after 30 minutes. Isotype control experiment was performed 

similarly but a Rabbit IgG (dispensed at 1 mg/mL) strip were used instead of Anti-OVA strip. 
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3.8. Competitive Assay of Free OVA 

     5 µL of OVA (10 mg/mL) were mixed with 40 µL of running buffer. The anti-OVA strips 

were immersed in the solution during 5 minutes to allow the binding of free competitive OVA. 

Afterwards, 10 µL AuNPs-OVA (OD=2) were added in the solution. Read-out was performed 

after 25 minutes. 

3.9.Quantification using Fluorescence of Ovalbumin 

 In a 1.5 mL glass vial, 500 µL of an AuNPs-citrate suspension (OD=2.5) (or 500 µL MilliQ 

water for calibration curve) and 20 µL of phosphate buffer (100 mM, pH 6) were added. Then, 

the appropriate volume of an OVA solution (100 µg/mL) was added, and the mixture was stirred 

for 3 hours at room temperature (see Table S2 for the volume of OVA added as function of 

number of eq/NP). Then, the suspension is transferred in a 1.5mL Eppendorf and centrifuged 

at 15000 g for 15 minutes at room temperature. 500 µL of supernatant were transferred in quartz 

cell and analyzed by emission spectroscopy exciting at 280 nm. Fluorescence intensity 

corresponds to the value at 330 nm. 

3.10.  Covalent Coupling Verification 

 In a 1.5 mL Eppendorf, 100 µL AuNPs (OD=2) were mixed with 100 µL SDS 1%wt for 15 

minutes in a thermomixer at room temperature. Afterwards, the Eppendorfs were filled to 750 

µL with deionized water and centrifuged at 18000g for 20 minutes. The 

dispersion/centrifugation cycle was repeated, and the pellet was ultimately redispersed in 200 

µL of phosphate buffer (10 mM pH 7). Samples were stored at 4°C before use. 

 

4. Results and Discussion 

4.1. Synthesis and Characterization by IR and UV-vis Spectroscopy of AuNPs-OVA 

To demonstrate the applicability of LFAs as a versatile tool for bioconjugation 

characterization, a nanoconjugate based on ovalbumin (OVA) immobilized on AuNPs was 

selected. OVA is commonly employed as a model antigen in early-stage vaccine development, 

while gold nanoparticles are extensively studied as drug delivery systems (DDS). Thus, 

designing a characterization tool that can i) validate the presence of OVA on the surface of 

AuNPs, and ii) quantify the amount of adsorbed OVA, would be a valuable proof of concept in 

the field of bioconjugation with nanosystems.39,40  

 15-nm AuNPs stabilized by citrate ligands were synthesized following a reported 

procedure.41 These AuNPs-citrate were then functionalized with OVA by adsorption. To 

achieve this, a solution of OVA (50 OVA/NP ratio) was added to a suspension of AuNPs-citrate 
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at pH 6, and the mixture was stirred for 3 hours. The resulting nanoparticles (AuNPs-OVA) 

were then centrifuged twice to remove any residual unbound proteins. Characterization of the 

resulting nanoparticles was performed using infrared (IR) spectroscopy and UV-vis absorption 

spectroscopy (Figure 1). 

ATR-FTIR analysis of AuNPs-OVA confirmed the presence of OVA on the nanoparticles, 

as indicated by the intense signals corresponding to the amide I and II bands of the protein at 

1650 and 1530 cm-1, respectively (Figure 1, left). However, the signal intensities could not be 

reliably correlated with the amount of adsorbed proteins, as significant variations in the 

intensities of the amide bands were observed when samples were analyzed multiple times under 

identical conditions (Figure S1). This lack of reproducibility likely arises from the requirement 

to dry the particles on the detector, which can result in non-uniform deposition. Furthermore, 

any other adsorbed molecules, such as surface-blocking agents, may interfere with the IR 

analysis if their bands overlap with those of the adsorbed protein. In other words, while ATR-

FTIR spectroscopy is convenient for qualitatively confirming the presence of adsorbed proteins, 

it is unreliable for quantitative analysis. 

For UV-vis characterization, commercial ovalbumin labelled with the Alexa647 dye (OVA-

Alexa647) was used for nanoparticle functionalization, resulting in AuNPs-OVA-Alexa647. 

The emission properties of dyes can be strongly influenced by their attachment to plasmonic 

nanoparticles,42 making quantification by emission spectroscopy exceedingly difficult. 

Therefore, the characterization of AuNPs-OVA-Alexa647 was based on the absorption 

properties of the dye, which should be less affected upon adsorption on the NP surface (Figure 

1, right). The protein dye-labelling approach can suffer from other limitations:  

(i) the absorption spectrum of the dye must not overlap with that of the nanoparticles to allow 

quantification, which restricts the choice of compatible dyes; 

(ii) commercially available dye-protein conjugates are not always precisely characterized. 

For instance, in our case, the OVA-Alexa647 datasheet specifies between 1 and 2 Alexa 

dyes per protein and an exact value cannot be determined, preventing accurate 

quantification; 

(iii) when proteins are modified with dyes, the dye is typically conjugated to the lysine 

residues (as with the commercial OVA-Alexa647 used here), which precludes further 

coupling of the protein to nanoparticles via traditional amide bond formation and could 

influence the properties of the protein.  

The UV-Vis absorption spectrum of AuNPs-OVA-Alexa647 exhibited a minor band at 647 

nm corresponding to the dye present at the NP surface (Figure 1, right). However, the very low 
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intensity of this signal prevented reliable quantification, given the weak absorption coefficient 

of the dye compared to that of AuNPs and the small number of proteins that can be adsorbed 

on the metallic surface. An amount of 15-30 OVA/NP was roughly estimated, based on the 

intensity of the Alexa absorption and the datasheet characterization. 

 All these results show that IR or UV-vis absorption spectroscopy are neither reliable nor 

convenient for quantifying the number of biomolecules bound to the nanoparticles and can only 

be used for qualitative analysis. 

 

 

Figure 1. Characterization of AuNPs-OVA (solid red line) and AuNPs-citrate (black dashed line) by 

infrared spectroscopy (left) or UV-vis absorption spectroscopy (right). 

 

4.2. Use of LFAs as a Characterization and Quantification Tool 

LFAs, particularly half-strip assays, a simplified version of the Lateral Flow Assay 

composed solely of the nitrocellulose (NC) membrane and the adsorbent pad, can be very easily 

prepared and require only inexpensive consumables (Figure 2A). For the recognition process at 

the Test line (T line), a solution of commercially available antibodies or aptamers targeting the 

biomolecule conjugated to the nanoparticles can be dispensed on the backed NC membrane, 

either manually (using a syringe or a volumetric pipette) or with an automated LFA dispenser. 

Following this step, the NC card is dried at 37°C for 1 hour, after which the absorbent pad is 

added. The card is then sliced into strips that can simply be stored in a desiccator for long-term 

use (see the SI for more details on strip assembly and alternative protocols). Noteworthy, a 

single NC card yields approximately 50 strips, which remain stable for months. In this study, 

different techniques to dispense the T line on the half-strips intended for AuNPs-OVA 

characterization (i.e. Anti-OVA strips) were compared: the anti-OVA IgG solution was 
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deposited on the NC membrane using an automated LFA dispenser or by manual deposition 

using either a syringe or a micropipette. 

A typical characterization procedure involved partially immersing the lower extremity of an 

Anti-OVA half-strip into a solution of AuNPs-OVA diluted in a running buffer (1% BSA, 

0.1%wt Tween 20 in 1X PBS) with a final optical density (OD) of 0.4 for 30 minutes (Figure 

2B). Note that, unlike traditional sandwich LFAs, the functionalized AuNPs bind directly to the 

antibody deposited on the T line, eliminating the need for the formation of a sandwich complex 

to generate the visible colored signal. This straightforward operational principle avoids the need 

for laborious fine-tuning of test conditions, particularly the buffer composition, which is crucial 

in sandwich assays to ensure optimal conditions for the formation of the ternary complex. 

Regardless of the dispensing method (syringe, micropipette, or automated LFA dispenser), a 

clear red signal was consistently observed at the T line (Figure 2C). Note that for all the 

following studies, the T line was dispensed using an automated LFA dispenser, as this technique 

is required to allow reproducible protein deposition on the T line and quantification of the signal 

intensity. No false positive results were obtained with AuNPs-citrate, demonstrating specificity 

for OVA-functionalized particles. As shown in Table 1, the assay tolerates a wide variety of 

chemicals interferents, even at high concentrations (see Figure S2 for pictures of the 

corresponding positive and negative control assays). Note that the interferent concentrations 

were selected based on standard working concentrations reported in the literature for sandwich-

like assays. This absence of interference from blocking agents, buffer components, or residual 

reagents in the NP solution is due to the specificity of the recognition process, a key advantage 

of this characterization tool over FTIR or emission spectroscopy. 
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Figure 2. (A) Manual preparation of Anti-OVA strips; (B) Principle of the LFA characterization of 

AuNPs-OVA; (C) Pictures of Anti-OVA strips after testing AuNPs-OVA and AuNPs-citrate prepared 

using different T line dispensing methods: [1] syringe, [2] micropipette, and [3] automatic dispenser. 

 

Table 1. Assay tolerance to potential interfering substances. “Tolerable Concentration” refers to the final 

concentration in the assay. 

 

 

To rule out non-specific interactions between AuNPs-OVA and the rabbit IgG on the strip 

line, control experiments were conducted using a rabbit IgG that does not interact with 

ovalbumin. As shown in Figure S3A, no line was observed on these strips with AuNPs-OVA. 

Further validation was performed by saturating the anti-OVA IgG on the test line with a 1 

mg/mL ovalbumin solution before applying AuNPs-OVA. As displayed in Figure S3B, this 



12 
 

treatment resulted in the disappearance of the signal, further confirming the specificity of the 

interaction. This approach provides a simple and effective control for the development of new 

characterization assays. 

We then investigated the quantification of the number of proteins bound per NP. To this end, 

various batches of AuNPs-OVA were prepared by mixing AuNPs-citrate with different 

OVA/NP ratios (from 0 to 100) for 3 hours. Since the T line contained a large excess of Anti-

OVA pAb relative to the number of NPs used in each test (>104 Anti-Ova pAb per NP), all the 

resulting NPs batches were directly tested with the Anti-OVA strip assay without cleaning the 

particles from unbound OVA proteins. This simple procedure avoids potential experimental 

errors and long cleaning cycles. As displayed in Figure 3A, a faint red line was observed from 

5 eq. OVA/NP, and then the color intensity of the band increased with the OVA/NP ratio, 

reaching a plateau between 20 and 25 eq. (see Figure S4A-B for all the experiments and 

duplicates). Signal intensity for each strip was quantified using a previously reported procedure 

based on the ImageJ software (Figure 3B).43 Quantitative analysis confirmed the naked eye 

observations, with a linear relationship between the number of OVA equivalents added to the 

suspension during the functionalization step and the signal intensity from 5 to 25 equivalents 

and a plateau observed higher OVA/NP ratios.  This value is in good agreement with the 

theoretical maximum number of OVA per NP, assuming a dense monolayer of OVA on the NP 

surface (see SI for calculation). Notably, the observed plateau cannot be attributed to a 

competition between AuNPs-OVA and unbound OVA at the level of the T line, given the large 

excess of immobilized Anti-Ova pAb (vide supra).   

To confirm these results, the AuNPs-OVA samples with varying OVA equivalents per NP 

were centrifuged, and the quantity of OVA remaining in the supernatant was estimated by 

fluorescence spectroscopy. Fluorescence emission intensity was measured at the maximal 

emission wavelength of OVA (330 nm) following excitation at 280 nm (see Figure S5 for all 

the fluorescence spectra). A calibration curve using pure OVA solutions was also established 

using the same protocol (incubation and centrifugation) but in the absence of AuNPs (Figure 

3C, black dots), allowing us to correlate the emission intensity of the OVA signal in the 

supernatants with the corresponding protein quantity. Fluorescence of OVA could be detected 

in the supernatant only from the 15 eq. OVA/NP sample (Figure 3C- red dots). Considering the 

difference of fluorescence between the control (pure OVA) and the supernatant of OVA-NPs, 

we estimated that approximately 15-20 OVA are adsorbed per NP at the plateau, which aligns 

well with the value obtained via the LFA. This experiment confirmed the suitability of LFAs 

for quantifying protein loading on the NP surface. It should be noted that this fluorescence 
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method is appropriate only in specific cases of bioconjugation, such as adsorption, where no 

other organic molecules, such as coupling reagents, that could absorb light at the same 

wavelength as the functionalization ligand are present. In addition, this indirect method 

measures proteins remaining in the supernatant rather than those directly bound to the NPs. 

 

 

Figure 3: (A) Picture of Anti-OVA strips after testing different batches of AuNPs-OVA prepared with 

varying OVA/NP ratios (from 0 to 50, corresponding to a molar concentration ranging from 0 to 290 

nM) during the bioconjugation step. The final concentration of AuNPs-citrate during the bioconjugation 

step is approximately 6 nM. (B) Quantification of T line signal intensity using ImageJ, error bars 

correspond to the standard deviation calculated on minimum three repetitions of each measurement;  (C) 

Fluorescence intensity at 330 nm (excitation at 280 nm) of OVA in the supernatant after conjugation 

with (red) and without (black) AuNPs in the reaction mixture. Error bars correspond to the standard 

deviation calculated on three repetitions of each measurement. 

 

4.3. Application to Complex Nanosystems 

Having validated the suitability of LFAs to confirm protein adsorption on gold nanoparticles 

and quantify the number of adsorbed proteins, we decided to illustrate that this simple assay 

can be used to optimize new bioconjugation protocols. As a proof of concept, we chose to 

characterize the covalent coupling of OVA to calix[4]arene-coated nanoparticles (Figure 4A). 

Calix[4]arene-coated nanoparticles, namely AuNPs-X4, were first prepared following a 

reported procedure involving the reduction of the tetradiazonium calix[4]arene salt X4(N2
+)4 in 

the presence of 15 nm AuNPs-citrate (see Figure S6).37 OVA was then covalently conjugated 

to AuNPs-X4 under standard coupling conditions (EDC/Sulfo-NHS), yielding AuNPs-X4-

OVACov (Figure 4A). For comparison, nanoparticles obtained through the adsorption of OVA 

on AuNPs-X4, referred to AuNPs-X4-OVAAds, were also prepared. In both cases, different 

batches of NPs were prepared by varying the OVA/NP ratio during the bioconjugation step 
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(ratios of 10, 50, and 150). The LFA characterization of the various batches of NPs was then 

performed with Anti-OVA strips (Figures 4B and 4C) according to the procedure described 

previously (Figure 2). A signal intensity proportional to the OVA/NP ratio was observed. 

AuNPs-X4-OVACov exhibited a more intense red line compared to AuNPs-X4-OVAAds, 

particularly at higher protein-to-NP ratios. This result is likely related to the potential formation 

of protein multilayers via the EDC/sulfo-NHS coupling chemistry, as peptide bonds can form 

between proteins, thereby increasing the probability of binding events and enhancing AuNPs 

immobilization at the test line. 

 

 

Figure 4: (A) Preparation of AuNPs-X4-OVA by adsorption (AuNPs-X4-OVAAds) or covalent bonding 

(AuNPs-X4-OVACov); Pictures of Anti-OVA strips after testing AuNPs-X4-OVAAds (B) and AuNPs-X4-

OVACov (C) prepared with various OVA/NP ratios during the conjugation step. 

 

The use of LFAs was also evaluated for optimizing the covalent conjugation conditions of 

OVA to the NPs. For instance, performing the amide bond formation at pH 5.8 in MES buffer 

was significantly more efficient than at pH 8.5 in borate buffer, as demonstrated by the more 

intense signal intensity at the T line under these conditions (Figure 5A). This simple 

optimization approach could be extended to various parameters, such as NP and reagent 

concentrations or the number of steps for the conjugation (Figures S7). Overall, rapid and 

straightforward testing of bioconjugation conditions could be realized by running a simple LFA.  

Finally, we investigated the possibility of discriminating AuNPs-X4-OVAAds from AuNPs-

X4-OVACov using our LFA. To achieve this, the NPs were treated with sodium dodecyl sulfate 
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(SDS) (final concentration 0.5%) for 15 minutes to detach adsorbed proteins. After 

centrifugation to remove excess SDS, the resulting NPs were analyzed using anti-OVA strips 

(Figure 5B). A drastic decrease in signal intensity was observed after the SDS cleaning step for 

the nanoparticles on which the OVA was adsorbed, indicating that most of the protein was 

removed from the surface. On the contrary, the SDS cleaning step had no effect on the signal 

intensity for AuNPs-X4-OVACov, confirming the covalent attachment of the protein. These 

results show that a simple SDS treatment followed by LFA analysis can reliably determine 

whether a biomolecule is covalently linked to a NP or merely adsorbed on its surface. 

 

 

Figure 5: (A) Pictures of Anti-OVA strips after testing AuNPs-X4-OVACov prepared in two different 

buffers; (B) Pictures of Anti-OVA strips before and after SDS cleaning of AuNPs-X4-OVAAds or Cov. 

 

4.4. Extension of the Assay to antibodies and nucleic acids 

Finally, we extended our approach to the detection of antibodies and nucleic acids 

immobilized on nanoparticles, as these biomolecules, along with antigen proteins, constitute 

the majority of biomolecules used to functionalize nanoparticles for biomedical applications. 

For detecting antibodies immobilized on NPs, covalent nanoconjugates between Rabbit IgG 

and AuNPs-X4, namely AuNPs-X4-IgGCov, were prepared using the standard EDC/Sulfo-NHS 

procedure (see the Experimental Section). A test line containing Protein G was used, given its 

high binding affinity for the heavy chain of antibodies.44 LFA analysis of AuNPs-X4-Rabbit 

IgGCov produced an intense red signal at the T line, while no signal was observed in the control 

experiment with AuNPs-X4 alone (Figure 6A),  demonstrating that LFAs can be used to confirm 

the immobilization of antibodies on nanoparticles. 
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To detect oligonucleotides on NPs, the complementary strand cannot be directly 

immobilized at the test line, due to its low molecular weight. We therefore used a strategy we 

recently employed for immobilizing peptide aptamers on a NC strip, which involves coupling 

streptavidin, as a carrier protein, to the biotinylated molecule to immobilize.45 Briefly, the 

biotinylated complementary DNA (cDNA-biotin) strand was incubated with streptavidin for 30 

minutes and then directly dispensed on the NC membrane (see Supporting Information for the 

detailed information on the cDNA strip assembly). As a proof-of-concept, AuNPs 

functionalized with either thiolated DNA or RNA strands were prepared. We selected one DNA 

(DNAC) and one RNA (RNAC) sequence complementary to the one deposited on the strip 

(cDNA strip), as well as a DNA control sequence (DNANC) with no complementarity to the 

cDNA strip. The resulting AuNPs-S-DNAC, AuNPs-S-RNAC, and AuNPs-S-DNANC were 

characterized using the cDNA strips (Figures 6B and 6C). A positive red line was observed for 

both AuNPs-S-DNAC and AuNPs-S-RNAC, highlighting the high specificity of the system for 

both DNA- and RNA-functionalized NPs. Notably, in the case of AuNPs-S-RNAC, the positive 

test indicates that a DNA-RNA hybrid duplex was formed. Finally, when AuNPs-S-RNAC were 

hybridized with their free complementary strand, forming a double stranded RNA (RNAHyb) on 

the particle surface, a significant decrease in signal intensity was observed (Figure 6C). This 

result confirms successful hybridization, a particularly valuable finding for researchers 

preparing particles with double-stranded nucleic acids for cell delivery applications, as 

verifying hybridization at the surface of the particles is known to be particularly challenging. 

To demonstrate the broad applicability of the assay, we also performed bioconjugation of OVA 

onto various nanoparticles, gold nanorods, 40-nm gold nanoparticles and silver nanoplates, with 

different optical properties and confirmed OVA adsorption using the anti-OVA strip (see Figure 

S8). 
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Figure 6: (A) Picture of Protein G strips after testing AuNPs-X4 and AuNPs-X4-Rabbit IgGCov; (B) and 

(C) Pictures of cDNA strips after testing various AuNPs conjugated to thiolated oligonucleotides. 

 

5. Conclusion 

In this work, we demonstrated the successful development of accessible half-strip assays to 

characterize nanoparticles conjugated with various biomolecules. It is worth mentioning that 

such assays restricted to particles that exhibit efficient light absorption or scattering properties 

in the visible range. These assays were designed without the need for costly equipment and 

required only minimal nanoparticle quantities.  Importantly, they provide a range of critical 

information about both the bioconjugation process and the properties of the final 

nanoconjugates: 

i) they enable unambiguous confirmation of the presence of biomolecules, such as proteins, 

antibodies, and oligonucleotides, on the nanoparticle surface; 

ii) they distinguish between biomolecules covalently linked to the nanoparticle surface and 

those simply adsorbed onto it; 

iii) they facilitate the optimization of conditions for effective covalent coupling between a 

biomolecule and a nanoparticle; 

iv)  they allow for precise quantification of the number of biomolecules bound per 

nanoparticle; 

v) they can readily differentiate nanoparticles coated with RNA duplexes from those coated 

with single-stranded RNA. 
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These findings underscore the assay's potential as a straightforward, versatile tool for 

characterizing complex nanosystems at various stages of preparation, significantly advancing 

the toolkit available for nanoparticle functionalization and quality control in biomedical and 

biochemical applications. 

 

Supporting information 

LFA assembly procedure, FTIR spectra, fluorescence spectra, pictures of half-strips, structures 

of calix[4]arene X4(N2
+)4 and thiol-terminated nucleic acids. 
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