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Abstract 

C-reactive protein (CRP) is a protein made by the liver, which is released into the bloodstream in 

response to inflammation. Furthermore, CRP is a potential risk factor for heart disease. Hence, it 

is of great importance to develop a rapid, sensitive, accurate and cost-effective method for CRP 

detection. Herein, we report an enzyme-free fluorescent assay for the rapid and ultra-sensitive 

detection of CRP with a limit of detection (LOD) reaching as low as 3.08 pg/mL (i.e., ~ 27 fM).  

The high sensitivity of our method was simply achieved via dual-functionalized gold nanoparticles 

(AuNPs). By regulating the molar ratio of DNA to CRP antibody immobilized on the AuNP 

surface, hundreds to thousands-fold amplification in the analyte signal could be instantly 

accomplished. Furthermore, our sensor was selective: non-target proteins such as interleukin-6, 

interleukin-1, procalcitonin, bovine serum albumin, and human serum albumin did not interfere 

with the target CRP detection. Moreover, simulated serum samples were successfully analyzed. 

Given the excellent sensitivity, selectivity, and high resistance to complicated matrices, the 

enzyme-free CRP detection strategy developed in this work can be used as a generic platform to 

construct sensors for a wide variety of protein biomarkers and hence offers the potential as a tool 

for rapid, accurate, and low-cost medical diagnosis. 

 

Keywords: Enzyme-free Immunoassay, AuNPs, Fluorescent assay, CRP protein, Amplification   



2 
 

Introduction 

With the development of biomedical technology and data science, more and more biomarkers such 

as nucleic acids, proteins, enzymes, and metabolites are being discovered[1–4]. Given the 

important roles these biomolecules play in a wide variety of biological and pathological processes 

and drug discovery, analysis of biomarkers in biofluids is of great significance for disease 

prevention, early diagnosis, and prognosis[5–8]. Therefore, there is a need for advanced biosensing 

techniques for rapid, affordable, highly sensitive, and accurate detection of biomarkers in 

complicated matrices. Thus far, various protein detection methods have been developed, including 

conventional such as enzyme-linked immunosorbent assay (ELISA) and more recent nano-

biosensing techniques. Briefly, as one of the most popular methods for protein detection, ELISA 

has the advantages of good selectivity and high resistance to matrix effect and is considered as the 

gold standard for routine protein analysis in clinical samples[9–13]. However, the application of 

ELISA is limited by time-consuming and labor-intensive procedures as well as the unsatisfactory 

sensitivity toward many protein biomarkers at ultra-low concentrations in clinical samples. In 

contrast, lateral flow immunoassays (LFAs) provide a point-of-care testing (POCT) diagnostic 

platform for rapid, user-friendly, and cost-effective protein detection [14–18]. However, the 

conventional LFA test suffers from poor sensitivity, leading to large false positive or false negative 

rates. To improve the sensitivity of protein assay, numerous nano-biotechnologies (biosensors) 

based on fluorescence, colorimetric, electrochemical, and resonance measurement, as well as 

nanopore sensing, have been developed recently[19–28]. Although these biosensors have reported 

significantly lower LODs than ELISA, the majority of them rely on time-consuming enzymatic 

reactions or other chemical reactions, such as click reactions, hybridization chain reactions, etc., 

to amplify signals. The requirement for specific reaction conditions and the need for an extra 

sample incubation procedure to achieve signal amplification make these new nano-biosensing 

methods at a disadvantage in rapid protein detection. 

Herein, we report an enzyme-free fluorescent assay for the rapid and ultra-sensitive detection of 

proteins in complicated matrices. The high sensitivity of our method was achieved via dual-

functionalized gold nanoparticles (AuNPs). Due to their substantial specific surface area, excellent 

biocompatibility, straightforward preparation process, and robust stability, AuNPs are widely 

utilized as nanocarriers to explore various applications[29–34]. By regulating the molar ratio of 



3 
 

barcode DNA to target protein antibody immobilized on the AuNP surface, hundreds to thousands-

fold amplification in the analyte signal could be instantly accomplished. In this work, C-reactive 

protein (CRP) is used as a model protein to demonstrate the feasibility of this rapid and sensitive 

protein assay[35–42]. CRP is one of the most important clinical markers for chronic inflammation. 

Produced by the liver under the influence of interleukin-6, interleukin-1β, and tumor necrosis 

factor, elevated CRP levels indicate inflammation, aiding in diagnosing and monitoring 

inflammatory conditions and related diseases[43–48]. Furthermore, CRP is a potential risk factor 

for heart disease[49, 50].  Similar to other proteins, various methods have been developed for CRP 

detection, including ELISA, LFA, surface-enhanced Raman, colorimetric, luminescence, SPR, and 

electrochemical methods, with LODs ranging from 66 pg/mL to 286 ng/mL[36, 38, 40, 51–55]. 

 

Experimental section 

Materials and Reagents 

The human serum albumin (HSA), bovine serum albumin (BSA), interleukin-6 (IL-6), interleukin-

1β (IL-1β), procalcitonin (PCT), Tween-20 and human serum (from human male AB plasma, USA 

origin) were purchased from Sigma-Aldrich (St. Louis, MO). CRP protein and paired (capture and 

detection) monoclonal anti-CRP antibodies were purchased from Medix Biochemica (St. Louis, 

MO). Single strand DNAs P1 (a 20-mer poly(dT) connected with a C6 spacer and a terminal 

disulfide bond at 5’ end; sequence: HS-S-(CH2)6-TTTTTTTTTTTTTTTTTTTT) and P2 (a 20-mer 

poly(dA); sequence: AAAAAAAAAAAAAAAAAAAA) were obtained from Integrated DNA 

Technologies (Coraville, IA). Magnetic beads (Dynabeads™ M-270 Carboxylic Acid) of 2.8 μm 

diameter were obtained from Invitrogen (Carlsbad, CA). Gold colloids solutions of various sizes 

(15, 30, and 50 nm diameter) were purchased from Nanopartz (Loveland, CO). Single-strand DNA 

specific binding dye (QuantiFluor® ssDNA System) was purchased from Promega Corporation 

(Madison, WI). All the reagents were used directly without further treatment unless otherwise 

stated. The assay buffer (pH 7.2) consists of 0.1 M NaCl, 0.025% Tween-20, 0.1% BSA, and 10 

mM PBS.   

 

Preparation of functionalized magnetic beads (MBs) 
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The procedure for preparing the CRP capture antibody-functionalized magnetic beads is shown in 

Scheme S1. Briefly, 200 μL (~2 x 109 beads/mL) of magnetic beads (MBs) were washed three 

times with 200 μL of MES buffer (25 mM, pH 5.0). After washing, the beads were resuspended in 

200 μL of MES buffer (25 mM, pH 5.0). Then, 100 μL of N-(3-Dimethylaminopropyl)-N’-

ethylcarbodimide hydrochloride (EDC) (50 mg/mL) and 100 μL of N-Hydroxysuccinimide (NHS) 

(50 mg/mL) were added to the suspension. After a 30-minute incubation at room temperature with 

agitation, the MBs were separated from the supernatant and underwent three additional washes 

with MES buffer. Then, 100 μL of CRP capture antibody (Ab1, 1 mg/mL) was added to the obtained 

carboxyl-activated MBs in 100 μL of MES buffer and incubated for 30 minutes at room 

temperature with rotational agitation. Subsequently, the antibody-functionalized MBs underwent 

three washes with 100 μL of phosphate-buffered saline (PBS, pH 7.4), followed by being blocked 

with 50 μL of 0.05% (w/v) BSA for 10 minutes (with vortexing), and were finally resuspended in 

500 μL of PBS for subsequent applications. The successful synthesis of CRP capture antibody-

conjugated MBs (MBs-Ab1) was verified by determining the amount of antibodies bound to the 

MBs, which was obtained by measuring the change in the UV-vis absorbance of the CRP capture 

antibody solution at 280 nm before and after MBs conjugation (Fig. S1). The coupling efficiency 

of the MBs with the monoclonal CRP antibody was found to be 68.8%. 

 

Preparation of dual functionalized AuNPs 

The procedure for preparing dual functionalized AuNPs are shown in Scheme S2. Briefly, CRP 

detection antibody (Ab2) was first immobilized to AuNPs via the spontaneous adsorption by 

incubating a solution mixture containing colloidal AuNPs (ranging from 11.72 to 459 μL and from 

7.41 to 290 nM), 5 μL of 2 M NaOH, and 2.5 μL of CRP detection antibody (Ab2, 100 μg/mL) at 

room temperature for 30 minutes. The resulting Ab2-AuNP conjugate was resuspended in 100 μL 

of 0.02% Tween-20. Then, as described in our published work[56], disulfide-terminated DNA was 

reduced by treating it with tris(2-carboxyethyl)phosphine (TCEP) for 1 hour at room temperature 

to yield thiol-terminated DNA (P1, 100 μL, 100 µM), which was then mixed with the obtained 

CRP detection antibody-functionalized AuNPs (Ab2-AuNPs) and an additional 800 μL of 0.02% 

Tween 20, allowing for reaction at ambient temperature for 1 h. After that, to facilitate the uptake 

of AuNPs, the “aging-salting” process was executed. Briefly, the functionalized Ab2-AuNP-P1 
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mixture was added with 2 M NaCl to gradually increase the concentration of NaCl to 0.3 M and 

incubated overnight[57].  Then, the solution was centrifuged at 10,000 × g for 10 min to separate 

the Ab2-AuNP-P1 from the unreacted reagents. The product (Ab2-AuNP-P1) was then converted 

to Ab2-AuNP-P1-P2 by adding 10 μL of 1 mM complimentary ss-DNA P2. After purification 

through three cycles of centrifugation, the final product was resuspended in ultra-pure HPLC-grade 

water, and stored at 4°C. Although we could not quantify the number of antibodies immobilized 

on AuNPs due to the very low concentration, we were able to determine the number of DNA 

attached to AuNPs by measuring the change in the UV-vis absorbance of the DNA solution at 260 

nm before and after AuNPs conjugation (Fig. S2). The loading efficiency obtained was ~1,100 

DNA molecules per AuNP of 30 nm diameter, which was estimated based on the following 

equation. 

 

 

Characterization of Ab2-coated AuNPs 

Transmission electron microscopy (TEM) images were acquired using a JEOL JEM-1400 

instrument operating at an accelerating voltage of 120 kV. Samples were prepared by drop-casting 

onto carbon-coated copper grids and left to dry for 24 hours prior to analysis. Particle size 

distribution was determined using ImageJ software. Dynamic light scattering (DLS) analyses were 

performed using a Zetasizer Nano ZS (Malvern Panalytical). The viscosity of the sample was 

presumed to match that of the dispersant, water, with a value of 0.8872 cP and a refractive index 

(RI) of 1.330. The measurements were conducted at a controlled temperature of 25 °C, following 

a 10-second equilibration period. Each sample underwent triplicate analysis, with the measurement 

duration set to automatic. The measurements were taken at a 173° backscatter angle, with 

automatic adjustment of both the positioning and attenuation.  

 

Procedure for CRP assay 

To detect CRP, CRP capture antibody-functionalized MBs were resuspended in 1 mL of assay 

buffer after three times washing of 50 μL of the prepared Ab1-MBs with 500 μL assay buffer. Then, 

CRP standard solution with the concentration ranging from 10 pg/mL to 1 ng/mL was added, and 

𝐷𝑁𝐴 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝑁𝐴 𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑 𝑜𝑛 𝐴𝑢𝑁𝑃𝑠

𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑢𝑁𝑃𝑠
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the mixture was incubated for 1 hour using a rotary mixer at room temperature. After that, a magnet 

field was applied to remove the supernatant, followed by three times washing and resuspended in 

500 μL assay buffer. Then, the dual functionalized AuNPs (Ab2-AuNP-P1-P2) were added to the 

MB-Ab1-CRP complex solution, and incubated for 1 h at ambient temperature to form the 

sandwich structure (i.e., MB-Ab1-CRP-Ab2-AuNP-P1-P2). After separating the sandwich complex 

with the supernatant and additional three times washing with assay buffer, 100 μL of HPLC water 

was added, followed by heating at 70°C for 15 minutes to release ssDNA P2 from the sandwich 

complex. The mixture was then separated, and the supernatant was collected. The obtained P2 

solution was used for fluorescence measurement after adding 100 µL of ssDNA selective dye, 

which was obtained after diluting the QuantiFluor® ssDNA Dye by 2,000x in 1X TE buffer.   

 

Results and discussion  

Principle of the enzyme-free DNA barcode amplification immunoassay for CRP 

Briefly, as shown in Figure 1, the procedure of our designed enzyme-free DNA barcode 

amplification protein detection consists of 5 major steps: 1) protein samples are incubated with 

capture antibody-conjugated magnetic beads (MB-Ab1). After magnet separation, target proteins 

(TP) are captured on MB-Ab1, leading to the formation of MB-Ab1-TP, while the other components 

in the sample are discarded; 2) Dual-functionalized gold nanoparticles conjugated with detection 

antibody and dsDNA (Ab2-AuNP-dsDNA or more specifically Ab2-AuNP-P1-P2) are mixed with 

MB-Ab1-TP to form sandwich structures (MB-Ab1-TP-Ab2-AuNP-P1-P2), thus introducing 

dsDNA (note that only one strand (i.e., P1 in our work) of the dsDNA is terminal thiolated so that 

it can bind to AuNPs tightly via Au-S bond, while the other strand (P2) can be released if 

necessary); 3) After the sandwich product is washed repeatedly and redispersed in HPLC-grade 

water, the DNA duplexes on AuNPs are de-hybridized (e.g., by heat denaturation) to release the 

reporter ssDNA (P2), which will then be separated from the sandwich complexes by using a 

magnetic field; and 4) a ssDNA specific binding dye will be added to the reporter ssDNA-

containing solution, followed by fluorescence measurement. Note that in our designed enzyme-

free protein detection strategy, the dual-functionalized AuNPs play a critical role in the sensor 

sensitivity. By controlling the molar ratio of dsDNA to detection antibody on the AuNP surface, 

hundreds to thousands-fold increase in the analyte signal could be instantly achieved without an 



7 
 

extra amplification reaction step as used in many of the other protein detection strategies. In this 

work, CRP is used as a model protein to demonstrate the feasibility of this rapid and sensitive 

protein detection method.  

 

Figure 1. Schematic representation of the enzyme-free DNA barcode amplification immunoassay 

for rapid and sensitive detection of CRP (not to scale).  

 

Effect of CRP detection antibody immobilized on the AuNPs surface on CRP detection 

As mentioned previously, a distinguishing feature of this work from other protein detection studies 

lies in that a unique DNA barcode amplification (via AuNPs dual-functionalized with detection 

antibody and dsDNA) is designed to significantly boost the sensor sensitivity. By controlling the 

molar ratio of detection antibody to dsDNA on the AuNP surface, hundreds to thousands-fold 

increase in the analyte signal could be instantly achieved. Hence, in principle, a decrease in the 

number of antibodies on AuNPs would lead to an increase in the sensor sensitivity. Unfortunately, 

due to the small amount of antibodies immobilized, quantitative measurement of the antibody 

loading density on AuNPs is not viable. To highly sensitively detect CRP, CRP detection antibody 

functionalized AuNPs (Ab2-AuNP) were prepared by incubating various concentrations of Ab2 

(2.5, 5 and 10 μg/mL) with AuNPs (30 nm in diameter, 0.004 μM). UV–vis absorption 

spectroscopy analysis was performed to confirm the successful decoration of Ab2 on AuNPs, and 

the results were shown in Fig. S3. Clearly, before modification, the AuNP solution showed a strong 

surface plasmonic resonance (SPR) absorption peak at ∼521 nm (black curve). In contrast, after 

+ 70 C

492 nm 528 nm

MB Capture antibody (Ab1) Detection Antibody (Ab2) AuNP

Target and

non-target analytes 
SH

Probe ss-DNA Reporter ss-DNA 

ss-DNA dye(P2)(P1)
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modification, an SPR peak (∼525 nm) with a red shift of 4 nm was observed with reduced 

absorption intensity, suggesting the triumphant capping of Ab2 on AuNP surfaces (red curve) (Fig. 

S3). TEM was employed to characterize the morphology and determine the size of the AuNPs 

before and after conjugation with the antibody Ab2. We found that the bare AuNPs were 

predominantly spherical and uniformly distributed (Fig. 2A), with an average size of 28.9 ± 2.4 

nm, and exhibited a narrow size distribution (Fig. 2B). In contrast, the TEM image of the Ab2-

conjugated AuNPs (Ab2-AuNPs) showed a distinct shadow around the surface of the nanoparticles 

(Fig. 2C, highlighted in red arrows), which was absent in the unmodified AuNPs, indicating the 

presence of an organic coating. Moreover, after Ab2 conjugation, the particle size increased by 2 

nm (Fig. 2D). This coating was further confirmed by negative staining of the Ab2-AuNP samples 

(Fig. 2E, highlighted in red arrow). DLS measurements indicated that the hydrodynamic diameter 

increased from 68 nm for the bare AuNPs to 75 nm after Ab2 conjugation (Fig. 2F). As anticipated, 

the DLS-derived diameters were larger than those measured by TEM (28.9 nm vs. 68 nm), 

attributed to the double-layer effect considered in the hydrodynamic radius calculations for 

particles in solution, which is absent in the dried-state samples observed in TEM. Additionally, 

DLS measurements are influenced by factors such as viscosity and temperature[58]. 
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Figure 2. (A) TEM image of bare AuNPs, illustrating the size and shape of the synthesized 

nanoparticles. Scale bar: 50 nm; (B) Particle size distribution curve of bare AuNPs; (C) TEM image 

of Ab2-conjugated AuNPs (Ab2-AuNPs). Scale bar: 50 nm; (D) Particle size distribution curve of 

Ab2-AuNPs; (E) TEM image of Ab2-AuNPs after negative staining. Scale bar: 20 nm; and (F) Size 

distribution analysis of AuNPs and Ab2-AuNP by dynamic light scattering. The experiment shown 

in Fig. 2E was carried out by applying a small drop (~ 5-10 μL) of 0.5% uranyl acetate solution to 

the TEM grid to cover the Ab2-AuNPs sample. After incubation for 30 seconds to 1 minute for 

sufficient background staining, the grid was air-dried thoroughly at room temperature before 

imaging in the electron microscope. Uranyl acetate stains the background, making the sample 

appear as a negative (unstained) image.  

 

After incubation with 10 μM of DNA P1, the as-prepared Ab2-AuNP-P1 conjugates having various 

Ab2 loading densities were then converted to Ab2-AuNP-P1-P2 (by addition of the complementary 

ssDNA P2 strands), followed by forming a sandwich structure with MB-Ab1 and the CRP protein. 

After dehybridization, P2 was collected and quantified by addition of ssDNA staining dyes, 

followed by fluorescence measurement. To ensure that the Ab2 effect on sensor sensitivity is 

representative, two CRP concentrations (50 pg/mL and 500 pg/mL) were examined. The 

experimental results were summarized in Fig. 3A & B and Figs. S4 & S5. Clearly, in both cases, 

with an increase in the Ab2 concentration (from 2.5 µg/mL to 10 µg/mL), a decrease in the 

fluorescence intensity (from 1280 to 290, and from 7890 to 1350, respectively) for the CRP 

samples was observed, while the fluorescence signal of blank did not change significantly. 

Therefore, a decrease in the Ab2 concentration led to an increase in the signal-to-noise ratio and 

hence a higher sensor sensitivity. This experimental result supports our hypothesis that by 

increasing the molar ratio of DNA to Ab2 on the AuNPs surface, an increase in the analyte signal 

could be instantly achieved. 
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Figure 3.  Effect of CRP capture antibody used for preparing dual functionalized AuNPs on the 

detection of (A) 50 pg/mL and (B) 500 pg/mL of CRP. Fluorescence measurement was performed 

with λex/em = 492/528 nm at room temperature. Each data point represents the average from three 

replicate analyses ± one standard deviation. 

 

Effects of AuNP diameter on the sensor sensitivity 

The dual-functionalized AuNPs play a critical role in the sensitivity and the selectivity of the 

enzyme-free CRP sensor. In particular, the surface area of AuNPs determines the total number of 

antibody and DNA molecules which can possibly be conjugated to AuNPs. In general, the larger 

AuNP diameter, the more antibody and DNA molecules can be immobilized, and hence a larger 

DNA to antibody ratio and a larger analyte signal amplification can be achieved. However, on the 

other hand, as the AuNP diameter increases, the size of the formed dsDNA-AuNP-Ab2 complex 

will also increase. Compared with small-size dsDNA-AuNP-Ab2 complexes, fewer large-size 

dsDNA-AuNP-Ab2 complexes can be immobilized on the surface of MB-Ab1 to form sandwich 

structures. Accordingly, if MBs are full of antibodies, each of which has captured a CRP molecule, 

large dsDNA-AuNP-Ab2 complexes may not be able to bind to all of the target CRP molecules 

due to the steric effect, leading to a decrease in the sensor sensitivity. Furthermore, one challenge 

when working with large-diameter AuNPs is that they are prone to aggregation[59, 60], especially 
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when antibodies are attached to their surface. Therefore, to optimize the sensor sensitivity, the 

effect of spherical AuNP diameter on DNA loading and CRP detection needs to be investigated.  

 

To explore the relationship between the size of AuNPs and DNA loading, three DNA-

functionalized AuNPs with different diameters were examined. These DNA-AuNP conjugates 

(formed via Au-S bond) were constructed by immobilizing DNA P1 (100 μL, 0.1 mM) to the 

surface of AuNPs of 15 nm (11.72 μL, 290 nM),  30 nm (100 μL, 34 nM), and 50 nm (459 μL, 

7.41 nM) in diameter, respectively using a rapid salt aging method combined with sonication [61].  

We found that, as the diameter of the AuNPs increased from 15 to 50 nm, DNA uptake escalated 

from 310 to 1350 molecules per AuNP (Fig. 4A). Further study (Fig. 4B) showed that, although 

increase of P1 concentration to 15 μM could lead to an increase in the number of immobilized 

DNA per AuNP, the effect was not significant, indicating the saturation effect or altered binding 

kinetics at higher P1 concentrations. 

 

Fig 4. Effects of (A) AuNP diameter and (B) DNA concentration on DNA loading density on the 

surface of AuNPs. The experiments shown in Fig. 4B were performed in the presence of 100 μL 

of 34 nM of AuNPs of 30 nm in diameter.   

 

To assess the effect of AuNP diameter on CRP detection, three CRP detection antibody and DNA 

dual-functionalized AuNPs (Ab2-AuNP-P1-P2) with different diameters were examined. The Ab2-

AuNP-P1-P2 complexes were constructed using a two-step conjugation procedure as described in 
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the experimental section. Briefly, AuNPs of 15, 30, and 50 nm diameters were first incubated with 

Ab2, followed by P1, and then hybridized with P2. The as prepared Ab2-AuNP-P1-P2 conjugates 

were used together with MB-Ab1 to detect 500 pg/mL of CRP according to our designed enzyme-

free strategy. We found that, among the three dual-functionalized AuNPs, the one with 30 nm 

diameter showed the largest fluorescence intensity, while the 50 nm diameter AuNP yielded the 

smallest fluorescence signal (Fig. 5). The results are not unreasonable considering that the lesser 

DNA uptake is allowed on the surface of 15-nm AuNP than 30-nm AuNP, leading to a decrease in 

the analyte signal amplification. On the other hand, there are two likely reasons why the 50 nm 

diameter AuNP showed reduced sensor sensitivity.  First, it is well known that AuNPs are prone to 

aggregation, especially when their sizes are large and in the presence of antibodies. Second, large 

Ab2-AuNP-P1-P2 complexes may not be able to bind to all of the target CRP molecules captured 

by the Ab1-MB conjugate due to the steric effect. Therefore, 30 nm diameter was deemed as the 

optimal AuNPs size, and used in the remaining experiments. 
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Figure 5.  Effect of AuNP diameter on the sensitivity of the CRP sensor. Fluorescence 

measurement was performed with λex/em = 492/528 nm at room temperature. Each data point 

represents the average from three replicate analyses ± one standard deviation. 
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Sensitivity and selectivity of CRP detection  

 

Using the optimized dual-functionalized AuNPs (30 nm diameter AuNPs, 2.5 µg/mL of Ab2, and 

10 µM of P1), a series of CRP proteins with different concentrations ranging from 10 pg/mL to 1 

ng/mL was examined using our constructed enzyme-free fluorescence sensor. We found that the 

fluorescence intensity of the solution increased linearly with an increase in the CRP concentration 

(Fig. 6A & 6B). The limit of detection (LOD, which is defined as the CRP concentration 

corresponding to three times the standard deviation of a blank signal) of the CRP sensor was as 

low as 3.08 pg/mL. As far as we are aware, such a LOD is as good as those (ranging from 0.01 

pg/mL to 0.39 ng/mL) of various other sensitive CRP detection methods such as SERS[38, 62], 

SPR[53], colorimetric [54], electrochemiluminescence[36, 40, 63], chemiluminescence[64], and 

electrochemical measurement techniques [51, 55, 65]. Given that the CRP concentrations in the 

serum of healthy population were 10 - 100 μg/mL, our method is sensitive enough to analyze 

clinical samples for infection and inflammation[49, 66] diagnosis without sample pretreatment. 

Such a high sensor sensitivity is very impressive since, unlike ELISA and the majority of other 

detection techniques, our method did not involve measuring the activity of an enzyme or relying 

on complicated chemical reactions to amplify the signals, so that an extra time-consuming 

incubation step is not needed.  

 

To determine the selectivity of this enzyme-free CRP sensor, a series of proteins were then 

analyzed, including IL-6, IL-1, PCT, BSA and HSA. Similar to CRP, IL-6, IL-1, and PCT are 

important inflammatory markers[67–72]. In contrast, BSA is the most abundant plasma protein in 

bovines and is often used as a protein concentration standard in lab experiments, while HSA is the 

most abundant blood protein in humans. As shown in Fig. 6C, a large fluorescence signal was 

observed in the presence of CRP, while addition of other proteins to the solution only resulted in 

similar fluorescence signals to that of the blank sample, and hence can be negligible. The results 

suggest that our sensor is highly selective to CRP due to the specific antigen–antibody binding. 

 

 



14 
 

 

Figure 6. (A) Fluorescence spectra, showing the effect of CRP concentration on fluorescence 

intensity; B) dose-response curve for CRP; and C) sensor selectivity study. Fluorescence 

measurement was performed with λex/em = 492/528 nm at room temperature.  The concentrations 

of the proteins in Fig. 6c were 1000 pg/mL each. 

 

Quantitative Analysis of CRP in Simulated Seum Samples 

One of the significant advantages of sandwich assays is their ability to specifically detect the target 

analyte in complicated matrices such as bodily fluids. To demonstrate the viability of utilizing our 

developed CRP sensor for clinical sample analysis, four mock human serum samples were 

examined. These samples were prepared by spiking CRP standard solutions with final 

concentrations ranging from 50 to 500 pg/mL to human serum (Sigma-Aldrich). These samples 

were analyzed by our enzyme free sensor without further dilution. As shown in Table 1, the 

recoveries obtained by use of our developed fluorescence assay ranged from 102.4 to 124.2%, with 

the relative standard deviation less than 8.6%. The experimental results suggest that our developed 

CRP fluorescence sensor has high resistance to the serum matrix even when the CRP concentration 

is very low, and hence offers a potential use as a tool in clinical diagnosis. 
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Table 1. Recovery of CRP from simulated human serum samples 

Sample 

Number 

Theoretic Value 

(pg/mL) 

Experimental Valuea 

(pg/mL) 

Recovery  

(%) 

1 50 62.2 ± 3.2 124.2 ± 4.9 

2 100 102.4 ± 2.2 102.4 ± 3.8 

3 250 260.6 ± 7.6 104.2 ± 8.6 

4 500 524.0 ± 5.3 104.8 ± 3.7 

aEach experimental value represents the mean of three replicate analyses ± one standard deviation.  

 

Conclusion 

In summary, a pioneering enzyme-free fluorescent assay was developed for the rapid and sensitive 

detection of CRP with a LOD reaching as low as 3.08 pg/mL (i.e., ~ 27 fM).  Unlike the majority 

of various protein detection techniques reported thus far, which rely on time-consuming enzymatic 

reactions or other chemical reactions such as click reaction, hybridization chain reaction, etc. to 

amplify signals, the high sensitivity of our method is simply achieved via dual-functionalized 

AuNPs. By regulating the molar ratio of DNA to antibody immobilized on the AuNP surface, 

hundreds to thousands fold increase in the analyte signal can be instantly accomplished. It should 

be noted that the sensor response to the CRP samples reported in this work were obtained based 

on the measurement of the fluorescence intensity of the collected ssDNA reporter solutions after 

addition of ssDNA specific binding dyes. The sensitivity and LOD of our pioneered DNA barcode 

amplification strategy for protein detection might be further improved by quantitating the collected 

reporter DNA using other readout formats.  Given the excellent sensitivity, selectivity and high 

resistance to complicated matrices, the enzyme-free CRP detection strategy developed in this work 

may be used as a generic platform to construct sensors for a wide variety of protein biomarkers, 

and hence offers the potential as a tool for rapid, accurate, and low-cost medical diagnosis. 
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Additional schemes and figures, including fabrication of CRP capture antibody-functionalized 

MBs, preparation of dual-functionalized AuNPs with CRP detection antibody and dsDNA, UV-

vis spectra of CRP solution before and after MBs conjugation, UV-vis spectra of DNA solution 

before and after AuNPs conjugation, and UV-Vis spectra of AuNPs before and after antibody 

conjugation. 
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Highlights 

• We developed an enzyme-free fluorescent assay for rapid detection of CRP.  

• The sensor was sensitive and selective with a limit of detection reaching ~27 fM. 

• The method’s high sensitivity was achieved via functionalized gold nanoparticles. 

• Simulated serum samples were successfully analyzed. 

 


