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Abstract

Cytokine monitoring is essential for understanding immune response and evaluating therapeutic 

outcomes in inflammatory and autoimmune diseases. Here, Tumor Necrosis Factor-alpha (TNF-α) 

is employed as an exemplary cytokine marker to demonstrate a nanoparticle-supported, rapid, 

electronic detection (NasRED) assay as an one-pot, in-solution sensing platform for cytokine 

quantification and therapeutic monitoring. Gold nanoparticles (AuNPs) functionalized with TNF 

Receptor-2 (TNFR2) are designed to react with TNF-α in phosphate-buffered saline (PBS), human 

pooled serum (HPS), whole blood (WB), cerebrospinal fluid (CSF), and synovial fluid, producing 

accelerated AuNP precipitation for signal transduction and digitization. The NasRED TNF-α 
assay demonstrates high sensitivity (1.2 fM), a broad dynamic range of seven orders of magnitude, 

and a short assay time (~20 min). Importantly, the platform enables analysis of the competitive 

interactions among TNFR2, TNF-α, and the therapeutic antibody Adalimumab, enabling rapid 

and multiparametric cytokine assessment. Furthermore, the NasRED assay is explored for 

detecting TNF-α in the presence of both Adalimumab and anti-drug antibody (ADA), modeling 

drug resistance scenarios during long-term therapy. This proof of principle study establishes a 
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rapid, digital, and in-solution assay framework for cytokine and therapeutic monitoring in various 

biofluids and complex competitive environments, paving the way for improved understanding and 

management of inflammatory, autoimmune, oncological, and neurodegenerative diseases.
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1. Introduction

The human immune system operates as the body’s defense mechanism, safeguarding 

living organisms from invasion by viruses, bacteria, and parasites [1,2]. Cytokines, 

small proteins secreted by cells, hold significant biological importance, particularly in 

cellular signaling[3,4]. Tumor Necrosis Factor-alpha (TNF-α), a pro-inflammatory cytokine 

produced by macrophages/monocytes, participates in the immune response, plays a role in 

various physiological events, especially during an inflammatory response, and is directly 

associated with processes such as fever, apoptosis, sepsis, and myocardial suppression [3,5–

7]. However, overexcretion of TNF-α can also contribute to acute inflammation and chronic 

autoimmune disorders such as Inflammatory bowel disease (IBD) (Crohn’s disease [8] and 

ulcerative colitis [9]), Sepsis [10], and Rheumatoid Arthritis [11]. For instance, roughly over 

2.39 million Americans were diagnosed with IBD in 2020, more than 0.7% of the U.S. 

population [12]. These diseases have negative impacts on the quality of patients’ lives, their 

healthcare consumption behavior, and associated costs [13]. Additionally, cytokine release 

syndrome can occur during novel cancer immunotherapies as a potentially life-threatening 

adverse event when large numbers of proinflammatory cytokines (including TNF-α) are 

released [14,15]. Consequently, measuring the level of TNF-α in biological fluids such as 

serum, blood, and saliva provides valuable information about the diagnosis, severity, and 

prognosis of these diseases [3,16].

Currently, treatment with Anti-TNF-α antibodies (Abs, e.g., Adalimumab) is a promising 

method for managing the progression of various diseases [17,18], including Crohn’s 
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disease[18,19]. However, its efficacy is challenged by the elicitation of immunogenic 

responses, including production of anti-drug antibodies (ADA) [17,20,21]. Therefore, 

effective patient treatment and disease management require a personalized analysis that 

thoroughly considers crucial factors, including immunogenicity potential, treatment safety 

profiles, and optimal therapy duration. Evaluation of such factors necessitates a facile and 

accurate measurement tool in clinical decision-making. Given the intricate and dynamic 

nature of the human immune system, rapid analysis of TNF-α with high accuracy, 

sensitivity, and throughput is necessary for detecting and monitoring biomarker signatures 

and their subtle changes [22]. Numerous detection methods have been developed to measure 

amounts of TNF-α in biofluids (Table 1). Common centralized methods of TNF-α assays, 

such as enzyme-linked immunosorbent assay (ELISA), radioimmunoassay (RIA), and 

bioassays, are sensitive but costly, time-consuming, labor-intensive, and instrument-heavy 

[23,24]. Additionally, a large sample volume is needed to achieve a notable signal-to-noise 

ratio for detection. Therefore, a persistent need remains for a simple, cost-effective, and 

sensitive TNF-α test, particularly for point-of-care (POC) applications.

Building on our previously validated nanoparticle-supported rapid electronic detection 

(NasRED) platform [25], we propose a scenario-specific TNF-α assessment system 

engineered for clinically relevant immunological conditions, enabling personalized 

treatment. The assay combines multicomponent biochemical modules with functionalized 

gold nanoparticle (AuNP) transducers to enable rapid and timely quantification of free 

TNF-α in complex clinical contexts, including anti-TNF therapy and anti-drug immune 

responses. This modularity allows the platform to interpret key patient immune states, 

including cytokine secretion, treatment efficacy, and treatment interference, rather than 

simply reporting protein levels. Therefore, NasRED presents a generalizable protein-

sensing technology with a strong potential for real-time therapeutic monitoring, supporting 

research and clinical diagnostics across inflammatory, autoimmune, oncological, and 

neurodegenerative diseases.

2. Experimental section

2.1. Reagents and apparatus

The Biotinylated tumor necrosis factor receptor-2 (TNFR2) (TN2-H82E3), Human TNF-

α Protein (GMP-TNAH23), Monoclonal Anti-TNF-α Antibody (16H5) (TNA-AM494), 

Anti-Drug-Antibody (AY19) (ADB-Y19), Human Interferon Gamma (IFN-γ) (IFG-H4211), 

Human Interleukin-6 Protein (IL-6) (IL6-H4218), Human Interleukin-10 Protein (IL-10) 

(IL0-H5218), and Human Arginase-1 Protein (ARG1) (AR1-H5228) were purchased 

from ACROBiosystem (Newark, DE, USA). Phosphate-buffered saline (PBS) and DNase/

RNase-free distilled (DI) water were purchased from Fisher Scientific (Hampton, NH, 

USA). Human Pooled Serum (HPS) (C817B46), Single donor Human Whole Blood (WB) 

(IWB1K2E10ML), and Pooled Human Cerebrospinal Fluid (CSF) (IRHUCSF1ML) were 

purchased from Innovative Research Inc (Novi, MI, USA). Single Human Synovial Fluid 

(991–42-S-1) was purchased from Medix Biochemica (St. Louis, MO, USA). Bovine serum 

albumin (BSA) and molecular biology grade glycerol from Sigma-Aldrich (St. Louis, MO, 
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USA). The streptavidin-functionalized AuNPs were purchased from Cytodiagnostics Inc. 

(Burlington, ON, Canada) and dispersed in 20% v/v glycerol and 1 wt% BSA buffer.

2.2. Assay modality and design concept

Despite our success in protein detection using NasRED, the mechanical and optical 

principles of the system remain unchanged in this study. Briefly, NasRED operates 

through binding-mediated AuNP aggregation resulting from antigen–antibody interactions. 

Considering the complexity of different scenarios for TNF-α analysis, we design and 

demonstrate a few different assay formats here, depending on the sample composition. 

Our in-solution assay employs gold nanoparticles functionalized with TNFR2, membrane 

proteins that bind specifically to TNF-α [26–28], (AuNPs/TNFR2) (Fig. 1a), as the receptor 

representing transducers, TNF-α as the antigen, Adalimumab as the therapeutic agent, and 

ADA as the immunogenicity indicator (Fig. 1b). In the binding assay (Fig. 1c), the TNF-

α binding to TNFR2 on functionalized AuNPs leads to the AuNPs clustering. Produced 

signals are proportional to the TNF-α concentration, which reduces solution color intensity 

in a naked-eye setup. In the drug efficacy assay (Fig. 1d), the presence of Adalimumab 

competes with AuNPs/TNFR2 for binding to TNF-α. When sufficient drug molecules 

are present, they occupy the TNF-α epitopes, preventing AuNPs from clustering. This 

competitive preservation of free-floating AuNPs maintains their optical extinction properties 

in solution. Conversely, in the ADA assay (Fig. 1e), ADA binds to Adalimumab and 

blocks its interaction with TNF-α, allowing free TNF-α to engage with AuNPs/TNFR2 and 

trigger AuNP aggregation, consequently reducing solution optical extinction. Centrifugation 

accelerated these interactions by increasing the collision frequency between functionalized 

AuNPs and their targets in solution. A short (10 min) incubation period, a sufficient 

time established in our previous work [25], allows aggregate growth within the pellet. 

Subsequently, vortex agitation-induced turbulent flow resuspended the non-reactive AuNPs 

fraction, generating the measurable optical extinction signal (Fig. 1f). These extinction 

changes were quantified using our portable electronic detector (PED), which integrates an 

LED, photodiode, battery, and signal-stabilizing/processing electronics, similar to our prior 

works [29,30] (Fig. 1g). Leveraging the assay’s biochemical and fluidic modularity, our 

platform enables rapid detection, suitable for POC use.

2.3 Electronic readout system design

The output signals were digitized using our customized PED, detailed in our previous work 

[25]. Briefly, it comprised four key components: an LED light source, a photodiode, a 

microcentrifuge tube chamber, and semiconductor circuits integrated on a printed circuit 

board (PCB) (Fig. 1h). The tube chamber was 3D-printed using an ABSplus P430 

thermoplastic. An 8.6 mm diameter recess was designed to snugly fit a standard 500 

μL Labcon microtube. Holes of 2.8 mm diameter were opened on two sides of the 

microcentrifuge tube chamber to align an LED (597–3311–407NF, Dialight), the upper-level 

assay liquid, and a photodiode (SFH 2270R, Osram Opto Semiconductors). The LED was 

powered by two Duracell Optimum AA batteries (3 V) through a serially connected 35 

Ω resistor to set the LED operating point. The photodiode was reversely biased by three 

Duracell Optimum AA batteries (4.5 V) and serially connected to a 7 MΩ load resistor. The 

photocurrent responding to the intensity of light transmitted through the assay was converted 
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to voltage through the 7 MΩ load resistor and measured using a portable multimeter 

(AstroAI AM33D).

2.4. Assay buffer preparation

The assay buffer was prepared by diluting 10×PBS and mixing it with glycerol to increase 

viscosity [31,32] and BSA to reach a final concentration of 1×PBS, 20% v/v glycerol, 

and 1 wt% BSA, and stored in a 15 mL conical centrifuge tube at 4 °C. The selected 

BSA concentration, as reported by the nanoparticle provider (Cytodiagnostics, Inc.), was 

confirmed to provide sufficient surface passivation and nanoparticle stability.

2.5. Sensing solution preparation

Here, the AuNPs in the assay buffer were functionalized with TNFR2 using a biotin-

streptavidin reaction for coating. The lyophilized biotinylated human TNFR2 was 

reconstituted with 125 μL of sterile DI water to a stock solution of 200 μg/mL (6.97 μM) 

and diluted to 2 μM using the assay buffer. Then, the streptavidin-coated AuNPs (0.13 nM, 

80nm AuNPs, 50 μL) were first mixed with an excessive amount (~ 5 times molar ratio) 

of biotinylated TNFR2 (2 μM, 20 μL) to achieve a saturated surface coverage. The mixture 

was then incubated for at least 2 h to ensure complete streptavidin-biotin conjugation. Next, 

upon addition of 630 μL of the assay buffer, the mixture was purified by centrifugation 

(accuSpin Micro 17, Thermo Fisher) at 10,000 rounds per minute (rpm) (9600× g) for 10 

min following supernatant exchange (630 μL of assay buffer) and repeated twice to remove 

unbound TNFR2.

2.6. Optimization of sensing solution optical density

After the purification step, precise amounts of the sensing solution were added to six 

separate tubes, with concentrations ranging from 24 pM to 5 pM, mixed with 100 nM TNF-

α solution. As a result of this test, the purified sensing solution was diluted by adding assay 

buffer to achieve a final AuNPs concentration of 16.25 pM. Concentration was adjusted 

according to optical density (OD) measurements, as described in detail in our prior studies 

[25,33].

2.7. TNF-α binding assay

The biological media included PBS, HPS, WB, CSF, and synovial fluid. Among them, PBS, 

HPS, and CSF were used as purchased without further dilution. Dilution was performed 

to minimize matrix-induced interference in WB and synovial fluid. Initially, 40 μL of WB 

and 50 μL of synovial fluid were each mixed with 160 μL and 150 μL of assay buffer, 

respectively, to prepare 20% and 25% matrices. The lyophilized TNF-α was reconstituted in 

DI water to prepare a stock solution of 600 μg/mL (32.79 μM). From this stock, 5 μL was 

diluted individually into 36 μL of biological media (PBS, HPS, 20% WB, CSF, and 25% 

synovial fluid) to achieve a final concentration of 4 μM. Subsequent serial dilutions were 

performed using the corresponding biological matrix, with the designated dilutions ranging 

from 4 μM to 4 fM. Then, 18 μL of the prepared AuNP/TNFR2 solution was mixed with 6 

μL of TNF-α solutions at each concentration (100 nM to 1 fM) in microcentrifuge tubes. As 

a blank negative control (NC), 6 μL of each biological medium without TNF-α was mixed 
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with the sensing solutions to evaluate the matrix-induced background noise under the same 

assay conditions. TNF-α sample tubes and NC tubes, each with a total volume of 24 μL, 

were centrifuged at 3.5 krpm (1180× g) for 5 min. They were then incubated for 10 min, 

followed by vortexing at 32.5 rounds per second (rps) (1950 rpm) for 5 s.

2.8. TEM imaging preparation

For TEM imaging, 3 μL samples were collected from the bottom of freshly tested tubes 

(1 pM, 1 fM, and NC) across three independent experiments, dropped onto carbon-coated 

copper (Cu) grids, and allowed to dry under vacuum to remove residual solvent. The dried 

grids were analyzed using a TEM/STEM Talos F200i (Thermo Fisher Scientific Inc.) at an 

accelerating voltage of 200 kV.

2.9. Stability assay

For stability assessment, the AuNPs/TNFR2 solution was stored at 4 °C and tested on days 

0, 3, 7, and 14. On each day, 18 μL of AuNPs/TNFR2 was incubated with 6 μL of TNF-α 
solution to a final concentration of 1 nM, or with 6 μL of assay buffer for the NC. Also, 

10 NC samples were prepared on day 0 to check signal consistency. Then the tubes were 

centrifuged at 1180× g for 5 min, incubated for 10 min, and vortexed for 5 s at 32.5 rps.

2.10. Reproducibility assay

Reproducibility was assessed by performing three consecutive tests. 18 μL of the prepared 

AuNP/TNFR2 solution was mixed with 6 μL of TNF-α solution at each concentration (100 

nM to 1 fM) and NC in microcentrifuge tubes. Then centrifuged at 1180× g for 5 min, 

incubated for 10 min, and vortexed for 5 s at 32.5 rps.

2.11. Specificity assay

To evaluate the specificity of the sensing probes, additional cytokines, e.g., IFN-γ, IL-6, 

and IL-10, along with ARG1, a marker for anti-inflammatory macrophages, were chosen as 

controls. For this objective, IFN-γ, IL-6, IL-10, and ARG1 were spiked and diluted in HPS 

(final concentration of 100 nM), while TNF-α (1 nM) served as a positive control. Next, 18 

μL of the AuNPs/TNFR2 were incubated with 6 μL of each sample in a microcentrifuge tube 

and centrifuged at 1180× g for 5 min, incubated for 10 min, and vortexed for 5 s at 32.5 rps.

2.12. Drug efficacy assay

The inhibitory effect of Adalimumab on TNF-α was evaluated by mixing three competing 

components, conceptually similar to our previous work on the SARS-CoV-2 neutralizing 

antibody test [33]. First, a dilution series of Adalimumab ranging from 4 μM to 4 fM, 

including a negative sample (PBS with no Adalimumab), was prepared. Then, 6 μL of each 

dilution was added to 12 μL of AuNPs/TNFR2, followed by the addition of 6 μL of TNF-α. 

The final concentrations in each tube were 1 μM to 1 fM for Adalimumab and either 10 nM 

or 1 nM for TNF-α. The OD of each sample was adjusted to approximately 0.5. Then the 

tubes were centrifuged at 1180× g for 5 min, incubated for 10 min, and vortexed for 5 s at 

32.5 rps.
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2.13. ADA assay

The impact of ADA on the effectiveness of Adalimumab was determined in a separate 

experiment. The lyophilized ADA was reconstituted and serially diluted to concentrations 

ranging from 6 μM to 6 fM. Then, 4 μL of each dilution was added to 12 μL of AuNPs/

TNFR2, followed by the addition of 4 μL of TNF-α and 4 μL of Adalimumab. The final 

concentrations in each tube were 1 μM to 1 fM for ADA, 50 nM for Adalimumab, and either 

10 nM or 1 nM for TNF-α. The OD of each sample was adjusted to approximately 0.5. Then 

the tubes were centrifuged at 1180× g for 5 min, incubated for 10 min, and vortexed for 5 s 

at 32.5 rps.

2.14. Competitive binding assay

To evaluate the extent of competition TNF-α between Adalimumab and ADA, another set 

of sensors was needed. The lyophilized biotinylated ADA was reconstituted in DI water to 

a final concentration of 600 μg/mL and diluted to 2 μM. Then, 50 μL of streptavidin-coated 

AuNPs were added to 20 μL of diluted biotinylated ADA and mixed. The mixture was 

then incubated for at least 2 h to ensure complete streptavidin-biotin conjugation, and the 

purification step was performed as described for the preparation of AuNPs/TNFR2 sensors. 

For the assay, 18 μL of the functionalized gold nanoparticles with ADA (AuNPs/ADA) 

was added to 6 μL of the dilution series (1 μM −1 fM final concentration) of TNF-α and 

Adalimumab individually. The OD was adjusted to 0.5, and the tubes were centrifuged at 

1180× g for 5 min, incubated for 10 min, and vortexed for 5 s at 32.5 rps.

2.15. Data analysis and LOD calculation

The tubes were measured using our PED. For data analysis, a background signal calibration 

was performed. Each tube was filled with assay buffer, and 15 measurements were collected 

by rotating tubes in 5 different orientations to eliminate the tube variability and averaged to 

establish the background electronic readout (Eref) as a reference:

Eref =
∑i Eref, i

15 (i = 1 to 15)

(1)

The same tubes were then used to hold the AuNP sensing solution, during which 15 

measurements were performed, and the electronic signals for each TNF-α concentration 

(Etest(C)) were averaged as follows:

Etest(C) =
∑i Etest, i(C)

15 (i = 1 to 15)

(2)

which C denotes the analyte concentration. Therefore, the tube signal (SPED(C)) was 

normalized as:
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SPED(C) =
Eref − Etest(c)

Eref

(3)

from 1 to 0, e.g., 1 representing no aggregation from a blank sample (no target) and 

0 indicating all AuNPs precipitated at a high target concentration. The error of the 

measurement is the standard deviation (σ) of the 15 normalized signals as follows:

σ(C) =
∑i SPED, i(C) − SPED(C) 2

15 − 1 (i = 1 to 15)

(4)

The signals were plotted and fitted using biphasic dose-response fitting and the sigmoidal 

equation in Origin 2024b software (OriginLab, USA), employing the orthogonal distance 

regression algorithm to account for data and error weights in the fitting calculations. 

The biphasic signal pattern is triggered by active fluidic manipulation rather than solely 

biochemical saturation or multivalency, which is related to the exponential decay function of 

the solution [25,34]. The fitting equation is:

SPED, BD(C) = SL + SH − SL
p

1 + 10 logx01 − logC ℎ1
+ 1 − p

1 + 10 logx02 − logC ℎ2

(5)

where SPED,BD represents the standard biphasic dose-response fitting measured from SPED, 

SL and SH correspond to the minimum and maximum signal values, x01 and x02 are the 

half-maximal effective concentrations (EC50-1 and EC50-2), h1 and h2 are the Hill slopes 

for the first and second response phases, and p defines the curve steepness. Furthermore, 

the limit of detection (LoD) and the limit of quantification (LoQ) were calculated such that 

the measured signal distinguished from the reference signal by 3 and 10 times the standard 

deviation of the reference, respectively, following:

SLOD = SNC − 3 × σNC

(6)

SLOQ = SNC − 10 × σNC

(7)

The SLoD and SLoQ were then plotted against the corresponding target concentrations to 

determine the LoD and LoQ in fitted plots.

The relative standard deviation (RSD) for the targeted samples is calculated as:
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RSD( % ) = σ(C)
Mean × 100 %

(8)

2.16. Spectroscopy measurement

For measuring the optical extinction, 5 μL of the tubes’ supernatants (100 nM to 1 fM 

and NC) was collected and loaded in a PDMS plate. The assay buffer was used as a 

reference, and optical extinction was measured with a laboratory spectrometer (iHR-320, 

Horiba Instruments Inc.). To achieve optimal contrast, the focal plane was adjusted to the 

well plate surface. Three spots were selected within each well (one at the center and two 

near the edges) to account for possible inhomogeneity in AuNP distribution. Transmitted 

light from each spot was collected using a 50× objective lens (NA = 0.8), and transmission 

spectra were recorded over the 350–700 nm range with an integration time of 0.01 s, 

averaging 64 measurements per spot. The average sample values were subtracted from 

the background noise (T), and the same was done for the assay buffer (Tb). The optical 

extinction (ΔExtinction) was normalized:

ΔExtinction(C) =
Tb − T(C)

Tb

(9)

from 1 to 0, e.g., 1 representing no aggregation from the blank sample (no target) and 0 

indicating all AuNPs precipitated at a high target concentration.

3. Results and discussion

NasRED was designed as a one-pot assay to detect the target protein interactions in solution 

by simply mixing the bodily fluids with functionalized AuNPs. The mixing, reaction, and 

readout were all completed in the same tube without any washing, labeling, or fluorescent 

imaging, thus greatly reducing the complexity of the operation.

3.1. Impact of sensing protocol on performance

NasRED operates with active fluidic forces rather than relying on passive diffusion, as 

in traditional methods such as ELISA or SPR, which was found critical to the signal 

transduction in our previous studies [25,35]. Centrifugation and vortex agitation can 

significantly modulate the distribution of reagents and AuNPs in the buffer solutions, 

thereby strongly affecting the optimal conditions for achieving the best sensitivity and 

specificity in a given biological medium. On the one hand, sufficiently strong and 

long centrifugation plays several important roles in promoting rapid and highly sensitive 

antibody-antigen reactions. First, it serves to spin the AuNPs and reagents at a high speed 

for active mixing. Second, centrifugation also acts to shorten the assay time by elevating 

the collision rate of reactants, which is mainly limited by the sedimentation speed of 

AuNPs. With centrifugation, the precipitation length of AuNPs significantly drops from a 

few millimeters (here the height of the colloid liquid, dependent on the buffer volume and 
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the tube size) to the micrometer scale, therefore eliminating hours-long precipitation time 

that is otherwise required and significantly speeding up signal transduction and readout 

[25,30,35]. Third, centrifugation also localizes AuNPs and their clusters with a greatly 

boosted concentration (estimated by 45000 times volume reduction and concentration 

increasing) at the bottom of the reaction tube [25], thus moving the dynamic equilibrium 

of the antigen-antibody reaction to favor AuNP cluster formation even at a low reagent 

concentration in the tube [30].

On the other hand, sufficient vortex agitation is needed to resuspend monomeric AuNPs that 

are not incorporated into clusters, allowing them to return to a free-floating state, in order 

to ensure high specificity; i.e., the NCs should revert to their initial states. Still, the vortex 

force cannot be excessively high to break the AuNP clusters “glued” together, which would 

negatively affect sensitivity. Therefore, the speed and time of vortex agitation need to be 

adjusted in conjunction with the centrifugation conditions.

Ideally, a large signal contrast is desired for maximizing the sensitivity, and a large dynamic 

range, i.e., from <10 fM to 1 μM, is useful to address clinical relevance and sample 

heterogeneity. Interestingly, these desired metrics were satisfied within a relatively broad 

range of centrifugation conditions, i.e., from 600 g to 1950 g and from 1 to 8 min (Fig. 

2a–b). Optimal centrifugal forces were required to maximize sensitivity, and excessively 

high centrifugal speeds and times could form tight AuNP aggregates, which became harder 

to break under vortex agitation and were therefore avoided in our protocols. Further, vortex 

conditions, such as time and agitative force, directly affected the clusters’ integrity (Fig. 

2c–d). For example, agitative force lower than 1750 rpm (29 rps) did not resuspend the NC, 

while too strong agitation (above 2400 rpm, 40 rps) led to full cluster dispersion despite a 

high 1nM target TNF-α concentration (1nM). Taking all the above into consideration, we 

chose a standard processing condition for all tests in this work, i.e., centrifugation for 5 min 

at 1,180g (3.5 krpm), incubation for 10 min, and vortexing for 5 s at 32.5 rps. All other 

parameters were constant for each stage, and only one variable was changed at a time.

Furthermore, the final probe concentration was optimized to ensure assay sensitivity 

(Fig. S1a). Among the six tested conditions, a probe concentration of 16.25 pM, which 

corresponded to an initial OD of approximately 0.5, produced the highest signal (Fig. S1b–

c) and was therefore selected as the standard concentration for subsequent assays (Fig. S1d).

3.2. TNF-α binding assay

To prove the concept of TNF-α detection for diagnosis purposes, we applied AuNPs/TNFR2 

sensor in various biological fluids (Fig. 3). First, TNF-α was spiked in PBS (Fig. 3a), 

showing concentration-dependent aggregation, while no aggregation was seen in the NC 

(Fig. 3b). The assay achieved a LoD of 1.2 fM (0.022 pg/mL) and a LoQ of 40 fM (0.73 

pg/mL), demonstrating the feasibility of highly sensitive cytokine detection through the 

NasRED platform. Additionally, a direct ELISA test was performed as a comparison (Fig. 

S2a) by coating TNF-α and adding a dilution series of TNFR2, yielding a LoD of 8.2 

pM (0.23 ng/mL) and LoQ of 25.6 pM (0.73 ng/mL) (Fig. S2b). The monotonic decrease 

in the free-probe signal with increasing TNF-α confirms that the data are consistent with 

the aggregation mechanism, as modeled for the binding assay (Fig. S3b, supplementary 
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material Section 3). In comparison to relevant demonstrations (Table 1), NasRED achieved 

a significantly lower LoD, with a rapid assay time (20 min) and minimal sample input (only 

6 μL). For example, a reported microfluidic electrochemical immuno-chip [36] reached 

an LOD of 4100 pg/mL with an assay time of 142 min, a long processing time, and 

a minimum working volume of 100 μL, while the fluorescent microsphere immunoassay 

ELISA [37] required 3 h and 50 μL of sample to achieve an LoD of 41 pg/mL, and 

required specialized instrumentation. Novel electrochemical platforms, such as skyscraper 

[38] biosensors (LoD 44.5 pg/mL, 45 min) or G-PEDOT:PSS electrodes [39] (LoD 5.97 

pg/mL, 20 min, 22 μL) have limitations in either detection sensitivity, sample volume, 

or dependence on electrochemical readout systems and multistep procedures. Collectively, 

these comparisons underscore NasRED’s unique capabilities in POC applications.

3.3. Evaluation of sensor performance in complex biofluids and cross-cytokine 
specificity

Further, we evaluated the performance of AuNPs/TNFR2 sensors for detecting TNF-α in 

HPS, CSF, and synovial fluid (joint fluid) to assess the sensor’s versatility and effectiveness 

in more clinically relevant settings. To conduct the experiment, we prepared TNF-α of 

different concentrations (1 μM to 1 fM in buffer or biological fluids) and NC samples, 

and further diluted them in 100% HPS, 100% CSF, 20% whole blood, and 25% synovial 

fluid (Fig. 3a–d). Clearly, the AuNPs/TNFR2 sensors successfully detected TNF-α across 

all tested biological media (Fig. 3d), with a femtomolar-level sensitivity. More specifically, 

the LoD values were 6.6 fM in HPS, 1.7 fM in CSF, 3.5 fM in 20% whole blood, and 3.1 

fM in 25% synovial fluid (Table S1), which were derived from the corresponding data of 

biphasic dose-response fitting equations (Table S2), comparable with the single molecular 

array (Simoa) assay that achieved an LoD of 0.013 pg/mL (0.72 fM) in a 25% serum-like 

matrix [40]. Also, the LoQ values were calculated as 37 fM in HPS, 71 pM in CSF, 60nM 

in 20% whole blood, and 533 pM in 25% synovial fluid (Table S1). The LoD values in HPS 

were ~6-fold worse compared to those in PBS, attributable to the presence of serum proteins 

and increased viscosity [25,33,35], which biomechanically influenced sensor performance, 

yet the LoQ values were quite similar. In comparison, tests in CSF were comparable 

to those in PBS and HPS in terms of LoD values, indicating only moderate biofouling 

and optical interference. Further, TNF-α testing in synovial fluid was complicated by the 

high viscosity, which could introduce additional mechanofluidic resistance and adversely 

affect the sensitivity. Tests in whole blood were further challenged by overlapping optical 

absorption of hemoglobin with AuNP extinction and biofouling effects, producing nM LoQ, 

consistent with our previous studies [25,33]. Given the modular design of the NasRED 

system, further optimization, e.g., using high-affinity and cobinding antibodies [25], will 

likely enhance sensitivity and shorten assay time for POC use.

To visualize nanoparticle clustering at the micro- and nanoscale, TEM images (Fig. 3e, 

Fig. S4a–c) captured AuNP morphology at two TNF-α concentrations and the NC, with 

increased nanoparticle aggregation observed at higher TNF-α levels compared to the well-

dispersed NC sample. EDS analysis of the NC sample (Fig. S4d) confirmed the presence of 

Au, buffer components, and proteins bound to the AuNPs. Also, statistical analysis of TEM 

images (Fig. S5) revealed clear concentration-dependent clustering behavior. At 1 pM TNF-
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α (Fig. S5a–b), AuNPs exhibit a broad distribution of cluster sizes, including a significant 

fraction of large aggregates, whereas at 1 fM (Fig. S5c–d), clustering shifts toward smaller 

populations with fewer large aggregates. In contrast, the NC (Fig. S5e–f) predominantly 

consists of small clusters with minimal aggregation, indicating effective nanoparticle 

dispersion. Particle size analysis confirms a relatively uniform AuNP diameter (Fig. 

S5g). Overall, these results demonstrate a concentration-dependent increase in nanoparticle 

aggregation with increasing TNF-α levels (Fig. S5h). Furthermore, spectroscopic analysis 

using a HORIBA spectrometer evaluated TNF-α-induced AuNP aggregation by measuring 

the supernatant from vortexed tubes, attributed to free-floating AuNPs. Transmission 

intensity spectra of samples (10 nM to 1 fM and NC) showed a concentration-dependent 

optical response (Fig. S6a). Changes in extinction values (Fig. 3f) revealed distinct optical 

differences across concentrations. Notably, analysis at 550 nm (Fig. S6b) enabled clear 

differentiation between TNF-α concentrations ranging from 10 nM to 1 fM and the NC. The 

selection of 550 nm is attributed to its proximity to the AuNP localized surface plasmon 

resonance (LSPR) band [41,42], where aggregation-induced changes produce pronounced 

optical variations.

The stability of the nanosensors was evaluated over a 14-day period. As a result, 

nanoparticles retained ~97% of their initial signal, indicating their stability, while the 

response to 1 nM TNF-α retained ~89% of its initial value (Fig. 3g). AuNPs/TNFR2 signal 

consistency also had a variation below 5% over 10 testing tubes (Fig. S7a). Furthermore, 

reproducibility measurements at TNF-α concentrations ranging from 100 nM to 1 fM 

yielded RSD below 4% for all concentrations, except 1 nM (7%) (Fig. S7b), demonstrating 

good measurement consistency of the sensing platform.

Specificity is particularly critical in inflammatory diagnostics, where multiple cytokines 

can be simultaneously elevated. Various cytokines play central roles in immune regulation 

and are frequently used as biomarkers in diseases such as rheumatoid arthritis, sepsis 

[10], tuberculosis [43], autoimmune disorders [5], and cytokine release syndrome (CRS) 

[14,15]. For example, IL-6 is a key mediator of inflammatory responses, while IFN-γ, 

produced by T cells and natural killer cells, is essential for host defense against intracellular 

pathogens and is implicated in autoimmunity [44,45]. IL-10 inhibits the production of 

proinflammatory cytokines (such as IL-6, TNF-α, and IL-12) and chemokines, while ARG1 

is a cytosolic enzyme that catalyzes the hydrolysis of L-arginine into urea and L-ornithine 

to reduce inflammatory activity, and it is a well-characterized marker for anti-inflammatory 

(M2) macrophage polarization and inflammatory resolution [46–51]. CRS associated with 

adoptive T-cell therapies consistently presents elevated levels of IL-6, IFN-γ, and TNF-α 
along with immunoregulatory mediators such as IL-10 and ARG1, which are associated with 

suppressive myeloid cell activity. Therefore, IL-6, IL-10, IFN-γ, and ARG1 were selected as 

representative cytokines and tested in HPS at 100 nM, 100 times higher than TNF-α (1 nM). 

These proteins did not elicit an appreciable NasRED response, with their corresponding 

signals indistinguishable from the NC (Fig. 3g). These results demonstrated that the AuNP 

sensors could maintain the specificity within a complex matrix without serious nonspecific 

adsorption or biofouling. Such performance is desirable in clinical use for the accurate 

quantification of TNF-α and other cytokines while reducing false positives from interfering 

inflammatory markers.
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3.4. Protein interaction evaluation

To understand the complex protein binding dynamics that affect NasRED performance, we 

further engineered the sensor platform to analyze the complex interactions between TNF-α 
and multiple antibodies, including Adalimumab and ADA (Fig. 4). To accomplish that, 

ADA was functionalized on AuNPs and used to bind free-floating Adalimumab (Fig. 4a–

c) and TNF-α (Fig. 4d–e). To examine ADA–Adalimumab interactions, Adalimumab was 

serially diluted across seven orders of magnitude (1 μM to 1 fM, plus NC) and mixed with 

AuNPs/ADA sensors in PBS (Fig. 4a). As visualized (Fig. 4b), the addition of Adalimumab 

induced pronounced AuNP aggregation across a wide concentration range, resulting in 

a clear gradation in colorimetric response. Quantitative analysis of the extinction signal 

(Fig. 4c) yielded a bi-sigmoidal response with a phase transition within a concentration 

window between ~1 pM and 100 pM (dashed lines, Fig. 4c), characteristic of complex 

fluidic dynamic interactions involving AuNPs under the NasRED sensing process [25]. The 

observed LoD of ~1 pM underscored the high sensitivity of our platform, comparable with 

that achieved by ELISA (LoD of 4.4 pM, or 0.65 ng/mL; LoQ of 15.3 pM, or 2.3 ng/mL) 

(Fig. S2c–d). In contrast, no visible aggregation was observed when AuNPs/ADA probes 

were mixed with TNF-α across the same concentration range (Fig. 4d–f), yielding extinction 

signals nearly identical to the NC and confirming minimal nonspecific cross-reactivity 

between ADA and TNF-α.

The observed strong ADA binding to Adalimumab but minimal interaction with TNF-α 
allowed us to introduce ADA in our multi-protein analytical system to study the molecular 

competition between cytokines and antibodies (Figs. 1d–e). As ADA binds Adalimumab 

strongly with a low-picomolar LoD, it significantly affects drug–target interaction with 

TNF-α.

3.5. Drug efficacy and ADA assay

Next, we evaluated how ADA and Adalimumab influence the competitive balance between 

TNF-α and Au/TNFR2, simulating anti-TNF-α therapy. First, a three-component protein 

competition assay was designed, consisting of serially diluted Adalimumab (1 μM to 1 

fM, plus NC), AuNPs/TNFR2 probes (at 16.25 pM), and free TNF-α antigen (at 1 nM 

and 10 nM) (Fig. 5a). The two TNF-α concentrations were selected to simulate different 

disease severity, and specifically designed at these nM range, because the TNF-α binding 

to AuNPs/TNFR2 sensors would produce visually distinguishable colorimetric changes, 

favorable for optimal signal transduction. The introduced Adalimumab would compete 

with TNFR2 for TNF-α binding, similar to our previously reported competitive sensing 

strategies [33], effectively neutralizing TNF-α at high concentrations and thereby preventing 

TNF-α binding to TNFR2. Therefore, high levels of Adalimumab dose would keep the 

AuNPs/TNFR2 probes dispersed, producing uniform red solution color with a high optical 

extinction (Fig. 5b). Conversely, low dose (for example below 1 nM) drug was insufficient 

to completely block TNF-α binding to TNFR2 on the AuNPs, and thus AuNP aggregation 

proceeded, producing a signal correlated with the TNF-α concentration (Fig. 5c). Notably, 

a large signal modulation (~100–0.5 nM Adalimumab, dashed region, Fig. 5c) marked 

the transition from high drug efficacy (full TNF-α neutralization) to drug deficiency. For 

cross-reference, ELISA was performed by testing a dilution series of Adalimumab against 

Mohammadi et al. Page 13

Sens Actuators B Chem. Author manuscript; available in PMC 2026 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TNF-α (Fig. S2e), showing a LoD of 3.1 pM (0.17 ng/mL) and a LoQ of 11.5 pM (0.63 

ng/mL) (Fig. S2f), validating the accuracy of the tests. Competitive-binding mechanism was 

validated following Michaelis–Menten kinetics and the kernel principle [52–54], in which 

increasing adalimumab at a fixed TNF-α lowers the signal as modeled in the supplementary 

material (Fig. S3c, supplementary material section 3).

Next, ADA was further introduced, at varying concentrations, to the three-component 

mixture to examine its impact on anti-TNF-α antibody response (Fig. 5d). In this design, 

aggregation of AuNPs/TNFR2 probes is modulated by the amount of free TNF-α, which in 

turn depends on the available Adalimumab not sequestered by ADA. Clinically, circulating 

Adalimumab levels in treated patients generally exceed 4.5 μg/mL and are most often 

maintained between 8–12 μg/mL [55–57]. Accordingly, Adalimumab was chosen at 50 nM 

(~8 μg/mL) in our assay for two representative TNF-α levels, i.e., 1 nM (moderate disease, 

Fig. 5e top image and Fig. 5f red line) and 10 nM (simulating severe disease, Fig. 5e 

bottom image and Fig. 5f black line). As visualized in optical tube images and further 

quantitatively measured by PED readouts, Adalimumab failed to neutralize all TNF-α when 

ADA was present at 100 nM and higher concentrations, leading to AuNP aggregation 

and diminished AuNP extinction signal. In comparison, at lower ADA concentrations 

(e.g. <100 pM), AuNPs were less aggregated, because Adalimumab remained largely 

available to effectively neutralize TNF-α, suppressing TNF-α-mediated AuNP precipitation. 

This observation also aligns with the molecular kinetics in Michaelis–Menten and kernel 

principles [52–54], which is reflected in our experimental modeling for signal prediction 

(Fig. S3d, supplementary material section 3). Notably, in our approach the presence 

of ADA was measured indirectly via a competitive binding reaction with anti-TNF-α 
antibodies, supporting a comprehensive analysis of TNF-α levels in complex biological 

fluids. Collectively, these findings served to establish the feasibility of a simple and rapid 

in-solution assay capable of evaluating drug efficacy and ADA interference in TNF-α 
detection, demonstrating the platform’s potential as a clinically relevant tool for monitoring 

therapeutic antibody performance and immunogenicity.

3.6. Artificial serum test

To assess the assay’s translational performance in a clinically relevant environment, we next 

evaluated TNF-α detection in artificial patient serum prepared from 100% HPS. For each 

experiment, AuNPs/TNFR2 probes were mixed with TNF-α (600 nM, 60 nM, and 6 nM), 

Adalimumab (300 nM, 30 nM, 3 nM, and 30 pM), and ADA (600 nM and 30 pM) in a total 

reaction volume of 24 μL, i.e., 12 μL AuNP probe solution and 4 μL for each of the three 

protein solutions diluted in 100% HPS. The mixture was briefly vortexed at 2000 rpm for 5 s 

to ensure homogeneity. Notably, the protein concentration in the mixture was thus diluted to 

1/6 of the supplied concentration.

As an example, ADA was supplied at 60 nM and mixed with TNF-α and Adalimumab 

at varied concentrations, keeping a final ADA concentration of 10 nM (Fig. 6a). In this 

configuration, the assay exhibited a clear competitive response, with the aggregation of 

AuNPs/TNFR2 probes highly dependent on both TNF-α and Adalimumab concentrations, 

similar to our previous discussions (Fig. 5a). At high TNF-α concentrations (final 
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concentration 50 nM after mixing, Fig. 6a top row), the AuNP probes fully aggregated 

regardless of the Adalimumab concentration to produce a clear solution, suggesting 

ineffective Adalimumab for highly severe case. At moderate TNF-α levels (final 

concentration 5 nM, Fig. 6a middle row), higher Adalimumab concentration would 

neutralize more TNF-α, thus suppressing AuNP aggregation, while a lower amount of 

Adalimumab (e.g., <1 nM) was insufficient for neutralization. In contrast, at low TNF-α 
levels (final concentration 0.5 nM, Fig. 6a bottom row), no aggregation occurred across the 

full tested Adalimumab concentration range (1 nM to 100 nM in the mixture), demonstrating 

complete neutralization of TNF-α in the presence of ADA. Further quantitative analysis 

of the NasRED PED signals revealed a clear trend of decreasing AuNP extinction with 

increasing Adalimumab at given TNF-α concentrations (Fig. 6b).

In a second test scenario, the ADA concentration was set tenfold higher at a final 

concentration of 100 nM, while the TNF-α and Adalimumab concentrations varied (Fig. 

6c). Under these conditions, Adalimumab neutralization of TNF-α was strongly impaired 

across the tested concentrations, leading to more AuNP aggregation at higher TNF-α 
concentrations. Quantitative PED signal analysis (Fig. 6d) further illustrated the complexity 

of TNF-α detection, consistent with the lower ADA scenario (Fig. 6b). As the TNF-

α concentration decreased from high to low (50 to 0.5 nM), AuNP aggregation was 

correspondingly reduced. Consistent with 10 nM ADA results, PED signals decreased 

when Adalimumab concentration was reduced at given TNF-α concentrations. As a control, 

samples without TNF-α were included as a reference, showing no AuNP aggregation 

even in the presence of high (10 nM or 100 nM) Adalimumab and ADA, confirming 

the specificity of our assay. Noticeably, the PED signal in detecting TNF-α was much 

more sensitive to Adalimumab at higher ADA concentrations. For example, with TNF-α 
at 0.5 nM, the difference between PED signals at 100 nM Adalimumab (S1, red dashed 

line) and 10 nM (S2, green dashed line), i.e., δS=S1 –S2, was 0.06 and 0.24 when ADA 

was supplied at 10 nM (Fig. 6b) and 100 nM (Fig. 6d), respectively. At higher TNF-α 
concentration, both the PED signal and the signal difference became much smaller. For 

instance, at 5 nM TNF-α, δS in 10 nM Adalimumab was 0.04, while for 100 nM ADA 

was around 0.16. Additionally, the signal between 10 nM and 100 nM ADA at the same 

concentrations of TNF-α and Adalimumab showed a significant drop (from 1 to 0.78, red 

dashed lines and 0.93 to 0.54, green dashed lines) (Table 2). Taken together, these findings 

underscore the reliability and specificity of our assay for detecting TNF-α. While this study 

is not clinically focused, a formal clinical decision strategy will be more appropriate in 

future studies involving patient specimens for specific diseases. To this end, we propose a 

hypothetical clinical workflow integrating NasRED-based TNF-α detection with diagnostic 

evaluation and treatment decision-making (Fig. S8), which serves as a conceptual framework 

for guiding patient management.

4. Conclusions and outlook

This work establishes NasRED as a new, one-pot diagnostic platform for quantitative 

assessment of TNF-α and drug–target competition in clinically relevant matrices. Using 

TNFR2-functionalized AuNPs and a palm-sized electronic reader, the assay detects TNF-

α at a LoD of 1.2 fM in PBS with a 7-log dynamic range and a total turnaround 
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of ~20–25 min from mix to readout, while requiring only 6 μL of sample. NasRED 

outperformed conventional TNF-α assays in sensitivity, assay speed, and sample economy 

(benchmarked in Table 1). Further, NasRED maintained high analytical performance in 

various biological fluids despite background interference molecules, including 100% HPS 

(LoD 6.6 fM), CSF (LoD 1.7 fM), 20% whole blood (LoD 3.5 fM), and 25% synovial fluid 

(LoD 3.1 fM), and demonstrated high specificity against other cytokines and mediators at 

high concentrations (IL-6, IL-10, ARG1, and IFN-γ at 100 nM) without cross-reactivity. 

Uniquely, our NasRED platform is capable of analyzing competition between TNFR2, TNF-

α, therapeutic Adalimumab (anti-TNF-α antibody), and ADA, underscoring its potential as 

a practical tool for monitoring therapeutic efficacy and ADA interference across different 

stages of treatment. Our findings demonstrate that the NasRED platform functioned well 

in complex serum matrices, delivering rapid (~25 min), portable, and sensitive analysis of 

TNF-α in the picomolar range and suggesting its use as a promising tool to track therapy 

effectiveness and ADA interference in clinical samples. Collectively, NasRED features 

single-tube workflow, short assay time, femtomolar level sensitivity, multifunctional analysis 

of complex interfering antibodies, applicability in different biofluids, and precise, digital, 

and portable readout. This technological advancement addresses a clinically important need 

with diagnostic and therapeutic implications across inflammatory and autoimmune diseases 

and can have broadened use in oncologic and neurodegenerative disease management.

While this work establishes the design and analytical performance of the NasRED 

cytokine assay, future efforts will focus on clinical validation using well-characterized 

patient specimens. Assay robustness, selectivity, and reliability are expected to vary 

across disease contexts, including inflammatory disorders (e.g., Crohn’s disease, ulcerative 

colitis, rheumatoid arthritis), sepsis, and cytokine release syndrome associated with 

cancer immunotherapy. Accordingly, the sensor design, assay workflow, and statistical 

analysis methods will require further optimization to account for differences in sample 

handling (e.g., storage time and temperature) and patient heterogeneity. Addressing these 

challenges will require close collaboration with clinical partners, and insights from clinical 

datasets will guide the translation of NasRED into practical diagnostic and therapeutic 

monitoring workflows. From a technological perspective, the current workflow involves 

manual vortexing steps that may introduce user-dependent variability. Future development 

of a miniaturized, automated platform capable of integrating sample processing (e.g., 

centrifugation and mixing), signal acquisition, and data analysis will improve assay 

reproducibility and usability. In addition, integration of electronic readout circuitry with 

embedded control and data-processing modules will enable streamlined system operation 

and facilitate deployment in near-patient or POC settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• One-pot, in-solution cytokine assay with no surfaces, washes, or 

instrumentation

• Femtomolar LoD (1.2–6.6 fM) across 5 complex biological matrices with 

broad dynamic range

• Rapid 20-minute workflow outperforming ELISA in speed and simplicity

• Quantifies TNF-α in real world cytokine surge, therapy, and immune 

interference scenarios
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Figure 1: 
Schematic of assay design for therapeutic monitoring of TNF-α. (a) AuNP/TNFR2 probes 

are produced by functionalizing 80 nm streptavidin gold nanoparticles with biotinylated 

TNFR2. (b) Probes will then be mixed with the sample containing TNF-α and/or 

Adalimumab and/or ADA (c). A hypothetical diagnosis and prognosis scenario for TNF-α 
antigen detection (binding test) for disease diagnosis. (d) Detection in a hypothetical on-

treatment scenario where anti-TNF-α antibody is present (Drug efficacy test). (e) Detection 

in a hypothetical scenario where both anti-TNF-α and induced ADA are present in the 

testing sample (ADA assay). (f) Schematics of the assay process involving Centrifugation, 

agitation, and signal readout. (g) Optical transmission signal collection of supernatant of 

the microcentrifuge tube, and using a PED device for converting them to electronic signals. 

(h) Schematic of the PCB including a voltage regulator, constant-current LED driver, and 

microcontroller for signal processing and communication (USB, Wi-Fi, or Bluetooth), and 

the optical image of the PCB used for signal processing.
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Figure 2: 
Engineering process optimization to enhance TNF-α antigen sensing. (a-d) The PED 

readout signal SPED plotted as a function of TNF-α concentration, with (a) the centrifugal 

force from 600 to 1950 gravity for 5 min while keeping the vortex condition as 32.5 rps, 

5 s, (b) centrifugation time from 1 min to 8 min, (c) different vortexing agitation speed 

conditions from 29 rps to 45 rps, and (d) vortexing time from 2 s to 10 s. Centrifugation 

causes AuNP cluster formation, while vortex agitation releases loose AuNPs back into 

the solution. The error bars correspond to the standard deviation observed across these 

measurements (n=15).

Mohammadi et al. Page 25

Sens Actuators B Chem. Author manuscript; available in PMC 2026 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Demonstrated binding assay to detect TNF-α spiked in PBS. (a) Schematic of TNF-α 
detection assay with positive and negative sample differentiation, where the presence of 

TNF-α leads to the formation of AuNP clusters. (b) Optical images of the test tubes holding 

AuNP sensing buffer mixed with target TNF-α molecules: ‘top’ after mixing and ‘bottom’ 

after the sensing procedure (centrifugation, incubation, and vortex agitation). (c) Visual 

images of tube arrays for TNF-α detection in HPS, 20% diluted WB, CSF, and 25% diluted 

synovial fluid using AuNPs/TNFR2 sensors with different concentrations of TNF-α ranging 

from 1 μM to 1 fM and NC. NC= Biofluid only, where no AuNP precipitates formed. (d) 

Normalized PED signals with different concentrations of TNF-α plotted in the biofluids, 

with LoD of 1.2 fM (0.022 pg/mL), 6.6 fM (0.12 pg/mL), 3.5 fM (0.064 pg/mL), 1.7 fM 

(0.031 pg/mL), and 3.1 fM (3.1 pg/mL) in PBS, HPS, 20% WB, 25% synovial fluid, and 

CSF, respectively. Error bars indicated σ across PED replicate readouts (n=15). (e) TEM 

images of AuNPs at two TNF-α concentrations and NC, shown at 500 nm and 2 μm 

scale bars. (f) ΔExtinction profiles of AuNP supernatants at varying TNF-α concentrations 

(10 nM, 1 nM, 1 pM, 1 fM, and NC), showing concentration-dependent optical changes 

associated with nanoparticle sedimentation. (g) Stability test over 14 days (1 nM and NC) 

(h) Specificity assay, visual image, and plot in TNF-α antigen (1 nM) sensing comparison 

with IFN-γ (100 nM), IL-6 (100 nM), IL-10 (100nM), ARG1 (100nM), and NC in HPS 

solution. The tube containing TNF-α showed higher transparency and a differentiable PED 
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signal even at a lower concentration (1 nM). Error bars indicated σ across PED replicate 

readouts (n=15)
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Figure 4: 
Evaluation of ADA affinity for Adalimumab and TNF-α. (a) Schematic of AuNPs/ADA 

mixing with adalimumab to form AuNP clusters after NasRED protocol is performed. 

(b) Optical images of tubes containing AuNPs/ADA mixed with varying Adalimumab 

concentrations: ‘top’ after mixing and ‘bottom’ after the sensing procedure (centrifugation, 

incubation, and vortex agitation). (c) Normalized PED signals for Adalimumab binding to 

Au/ADA in PBS. Dash lines represent a bi-sigmoidal response with a phase transition. 

(d) Schematic of AuNPs/ADA mixing with TNF-α to evaluate their affinity towards 

each other, which leads to free-floating AuNPs and TNF-α. (e) Optical images of tubes 

containing AuNPs/ADA mixed with varying TNF-α concentrations: ‘top’ after mixing and 

‘bottom’ after the sensing procedure. (f) Normalized PED signals for detecting TNF-α using 

AuNP/ADA sensors. No specific bindings observed. The error bars correspond to the σ 
observed across these measurements (n=15).
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Figure 5: 
Demonstrated assays in TNF-α antigen sensing in the presence of Adalimumab (drug) and 

ADA. (a) Schematic of drug efficacy assay, in which AuNPs/TNFR2 probes are mixed 

with TNF-α and Adalimumab. After sensing protocol, Adalimumab will inhibit TNF-α, and 

AuNP probes will be floating. (b) Optical images of drug efficacy after sensing protocol 

for two TNF-α conditions (1 nM, 10 nM) and Adalimumab, ranging from 1 μM to 1 fM, 

and NC. NC=no Adalimumab. Top: 1 nM TNF-α; bottom: 10 nM TNF-α. (c) Normalized 

PED signals to detect TNF-α using AuNPs/TNFR2 probes in the presence of varying 

concentrations of Adalimumab at 1 nM and 10 nM of TNF-α. (d) Schematic of the ADA 

test, in which AuNPs/TNFR2 probes are mixed with TNF-α, Adalimumab, and ADA. After 

sensing protocol, ADA will neutralize Adalimumab and excess TNF-α, and probes will 

form AuNP clusters. (e) Optical images of ADA test after sensing protocol for two TNF-α 
conditions (1 nM, 10 nM) and ADA, ranging from 1 μM to 1 fM, and NC in the presence 

of 50 nM Adalimumab. NC=no ADA. Top: 1 nM TNF-α; bottom: 10 nM TNF-α. (f) 

Normalized PED signals to detect TNF-α using AuNPs/TNFR2 probes in the presence of 

varying concentrations of ADA at 1 nM and 10 nM of TNF-α with 50 nM Adalimumab. 

Data are presented as mean ± σ (n=15).
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Figure 6: 
Demonstrated assays in TNF-α antigen sensing in spiked serum samples using AuNPs/

TNFR2 nanosensors. (a) Visual images of tube arrays for TNF-α detection in HPS using 

AuNPs/TNFR2 with different concentrations of Antibody (100 nM −0 M) with variation 

of TNF-α (50 nM, 5 nM, 500 pM) and with 10nM ADA (b) Normalized PED signal 

plotted in aggregate signals using TNF-α as the only variable in 10 nM ADA. Red and 

green dashed lines highlight the signal change by decreasing Adalimumab from 100 nM 

to 10 nM (c) 100nM ADA with different concentrations of TNF-α (50 nM – 0 M) with 

variable Adalimumab concentration (100 nM and 10 nM). The arrows show the effect of 

Adalimumab on the aggregation of nanosensors. (d) Normalized PED signal plotted in 

aggregate signals using TNF-α as the only variable in 100 nM ADA, demonstrating the 

impact of a higher concentration of ADA. The arrows show the effect of Adalimumab on 

the aggregation of nanosensors. Red and green dashed lines highlight the signal change by 

decreasing Adalimumab from 100 nM to 10 nM. Data are presented as mean ± σ (n=15).
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Table 1.
Comparison of TNF-α detection of some biosensors using different techniques.

Detection method Linear range 
(pg/mL)

Medium LOD 
(pg/mL)

Assay 
time

Minimum 
working 
volume

Readout method Ref

Surface-enhanced Raman 
scattering (SERS) 
magnetic patch sandwich 
immunoassay

10−3– 104 PBS 0.00437 120 min 10 μL Raman 
Spectrometer

[58]

skyscraper electrochemical 
biosensor

160 – 1820 Feces 44.5 45 min - Electrochemical 
voltametric 
immunoassay

[38]

Microfluidic 
electrochemical immuno-
biochip

0– 5×104 PBS 4100 142 min 100 μL Electrochemical 
immunoassay

[36]

tapered single mode - 
quad-core –single mode 
fiber structure biosensor

10– 104 PBS 10 30 min 1 mL Spectrometer [59]

surface plasmon resonance 
(SPR)

10−4– 106 PBS 0.05 20 min - Spectrometer [60]

G-PEDOT:PSS 5– 5×104 PBS 5.97 20 min 22 μL EIS [39]

Fluorescent microsphere 
immunoassay ELISA

41– 104 PBS 41 3 h 50 μL Fluorescence 
spectrometer

[37]

label-free electrochemical 
immunosensor

10– 150 PBS 0.1 20 min - Electrochemical 
Amperometry

[61]

Simoa (Single Molecule 
Array)

10−3– ~102 Serum 0.013 4~5 h 100 μL Digital fluorescence [40]

NasRED 5×10−2– 
2×106

PBS
Serum
WB
Synovial 
fluid

0.022 (in 
PBS)

20~25 min 6 μL NasRED This 
work
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Table 2.
Values of the PED signals for TNF-α detection in spiked HPS samples in the presence of Adalimumab (10 

nM, 100 nM) and ADA (10 nM, 100 nM). S1: PED signal when Adalimumab was at 100 nM; S2: PED signal 

when Adalimumab was at 10 nM. Signal difference: δS=S1 –S2.

Low ADA (10 nM) High ADA (100 nM)

TNF-α concentration S1 S2 δS S1 S2 δS

50 nM 0.020 0.055 −0.035 0.067 0 0.067

5 nM 0.869 0.823 0.045 0.55 0.392 0.158

0.5 nM 1 0.935 0.064 0.783 0.541 0.241

Sens Actuators B Chem. Author manuscript; available in PMC 2026 July 16.


	Abstract
	Graphical Abstract
	Introduction
	Experimental section
	Reagents and apparatus
	Assay modality and design concept
	Electronic readout system design
	Assay buffer preparation
	Sensing solution preparation
	Optimization of sensing solution optical density
	TNF-α binding assay
	TEM imaging preparation
	Stability assay
	Reproducibility assay
	Specificity assay
	Drug efficacy assay
	ADA assay
	Competitive binding assay
	Data analysis and LOD calculation
	Spectroscopy measurement

	Results and discussion
	Impact of sensing protocol on performance
	TNF-α binding assay
	Evaluation of sensor performance in complex biofluids and cross-cytokine specificity
	Protein interaction evaluation
	Drug efficacy and ADA assay
	Artificial serum test

	Conclusions and outlook
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Table 1.
	Table 2.

