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Abstract

The exploration of new physical and chemical properties of materials and their innovative 

application in different fields are of great importance to advance analytical chemistry, material 

science, and other important fields. Herein, we, for the first time, discovered the photothermal 

effect of an iron oxide nanoparticles (NPs)-mediated TMB (3,3′,5,5′-tetramethylbenzidine)-H2O2 

colorimetric system, and applied it toward the development of a new NP-mediated photothermal 

immunoassay platform for visual quantitative biomolecule detection using a thermometer as the 

signal reader. Using a sandwich-type proof-of-concept immunoassay, we found that the charge 

transfer complex of the iron oxide NPs-mediated one-electron oxidation product of TMB 

(oxidized TMB) exhibited not only color changes, but also a strong near-infrared (NIR) laser-

driven photothermal effect. Hence, oxidized TMB was explored as a new sensitive photothermal 

probe to convert the immunoassay signal into heat through the near-infrared laser-driven 

photothermal effect, enabling simple photothermal immunoassay using a thermometer. Based on 

the new iron oxide NPs-mediated TMB-H2O2 photothermal immunoassay platform, prostate-

specific antigen (PSA) as a model biomarker can be detected at a concentration as low as 1.0 ng 
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mL−1 in normal human serum. The discovered photothermal effect of the colorimetric system and 

the developed new photothermal immunoassay platform open up a new horizon for affordable 

detection of disease biomarkers and have great potential for other important material and 

biomedical applications of interest.

The photothermal effect has attracted intensive research interest in a number of fields due to 

the unique photothermal conversion property.1,2 Significantly, the nano-material-mediated 

photothermal effect has been extensively applied for photothermal therapy of cancers using 

the hyperthermia effect generated by photothermal agents.3–9 Various materials such as 

nanomaterials and small organic molecules, which can absorb and convert certain 

wavelengths of light into heat, have been explored as photothermal agents.10–15 During the 

photothermal conversion process of these photothermal agents, a common thermometer, one 

of the simplest and the most widely used household tools, can be used to measure the 

photothermal effect-induced heat in a quantitative manner. Guided by this hypothesis, due to 

the ease of a thermometer for the signal readout, development of a simple photothermal 

effect-based quantitative readout method using a thermometer is particularly promising in 

various applications, especially in point-of-care (POC) detection of biomolecules. This will 

not only expand the applications of photothermal effects, but also address a bottleneck 

problem of conventional methods for biomolecular detection in resource-limited settings.

Biomolecular detection plays a vital role in disease diagnosis.16,17 Different biomolecular 

immunoassay methods involving fluorescence,18 surface plasmon resonance,19,20 

electrochemistry,21 and chemiluminescence22 have been widely used for disease diagnosis 

and bioanalysis. Unfortunately, most traditional biomolecule detection methods are 

frequently confronted with limitations to their wide application in resource-poor settings, 

such as small clinics in developing nations, POC detection, and field detection. In particular, 

the dependence of the assay readout method on complex, expensive, and bulky analytical 

instruments,23,24 such as microplate readers, becomes one of the most challengeable 

limitations of these methods for simple, low-cost, and portable POC detection.25 Hence, 

there is a critical need for the development of new immunoassay strategies with simple low-

cost readout methods and high portability in order to meet the requirement of modern 

clinical diagnostics in resource-limited settings.26–28 By innovatively introducing the 

nanoparticle (NP)-mediated photothermal effect into bioassays, our research group 

previously developed a new photothermal bioanalysis concept using a thermometer as the 

quantitative signal reader.29 The thermometer-based photothermal bioanalysis concept 

provides new possibilities to address those problems of traditional immunoassay methods. 

However, the required material conversion procedure from the weak photothermal agent 

(i.e., iron oxide NPs) to the strong photothermal probe (i.e., Prussian blue NPs) makes the 

assay fairly complicated. Thus, the exploration of new photothermal probes with simpler 

derivation but broader biochemical applications is crucial to advance instrument-free 

bioanalysis and POC detection.

The nanomaterial-mediated colorimetric assay is an attractive method for POC detection due 

to its unmatched advantages of simplicity.30–33 A variety of colorimetric assays based on 

different nanomaterial platforms34,35 have been extensively developed for immunoassay. 
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Among various colorimetric assay systems, the 3,3′,5,5′-tetramethylbenzidine (TMB)-H2O2 

col orimetric system catalyzed by horseradish peroxidase (HRP) or other nanomaterials, 

such as iron oxide NPs, has been one of the widely used ELISA systems.36 Although these 

colorimetric assays have shown considerable promise for naked eye-based qualitative 

detection (yes or no answers), the further requirement of advanced analytical instruments, 

such as a UV−vis absorption spectrometer,23 is generally indispensable to achieve accurate 

quantitative readouts, limiting the assay’s potential for low-cost disease diagnosis. 

Therefore, substantial research efforts in nanomaterial-mediated colorimetric assays are still 

required in order to take advantage of their potential for quantitative POC analysis. Along 

with color changes in these colorimetric assays, nanomaterial-mediated photophysical 

changes usually occur simultaneously, such as the redshift of the optical absorption peak of 

the colorimetric probes to a longer wavelength or even into the near-infrared (NIR) region of 

the electromagnetic spectrum.23,31,34 For instance, the optical absorption phenomenon 

occurs in the NIR region in the HRP-or iron oxide NPs-catalyzed TMB-H2O2 colorimetric 

system,36 but the photothermal effect of this TMB-H2O2 colorimetric system has never been 

explored. With the rapid development of photophysical and nanomaterial science, these 

significant optical properties might provide new opportunities to explore novel photothermal 

probes and photothermal immunoassay strategies.

The exploration of new physical and chemical properties of materials is crucial to advance 

analytical chemistry and material science and to expand their new applications.3 Herein, we, 

for the first time, explored the photothermal effect of the iron oxide NPs-mediated TMB-

H2O2 colorimetric system, and applied it to develop a new simpler NP-mediated 

photothermal immuno-assay platform using a common thermometer as the quantitative 

signal reader, without complicated material conversion procedures. Using a sandwich-type 

proof-of-concept immunoassay, the iron oxide NPs-labeled antibody was used as the 

detection antibody. Due to their peroxidase-mimicking activity, iron oxide NPs captured in 

the immunoassay system were employed as the artificial HRP to catalyze the TMB-H2O2 

colorimetric reaction, as shown in Scheme 1. The iron oxide NPs-mediated colorimetric 

product, the charge transfer complex of the one-electron oxidation product of TMB 

(oxidized TMB), exhibited not only color changes in the immunoassay, but also a strong 

NIR laser-driven photothermal effect. Thus, oxidized TMB as a traditional colorimetric 

probe also acted as a highly sensitive photothermal probe to convert the immunoassay signal 

into heat through its photothermal effect, thereby allowing sensitive and quantitative 

photothermal immunoassay using just a thermometer for the visual signal readout. Using the 

new iron oxide NPs-mediated TMB-H2O2 photothermal immunoassay platform, along with 

a prostate cancer biomarker, prostate-specific antigen (PSA), as a model analyte, we 

successfully determined PSA at a lower concentration than the clinical diagnostic threshold 

(4.0 ng mL−1).

EXPERIMENTAL SECTION

Materials and Instruments.

Prostate-specific antigen (PSA) was purchased from Sigma-Aldrich (Burlington, MA, 

U.S.A.). Monoclonal mouse antihuman PSA antibody and polyclonal rabbit antihuman PSA 
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antibody were obtained from Abcam (Cambridge, MA, U.S.A.). A diode laser with output 

power from 0 to 2.5 W was purchased from Opto Engine (Midvale, UT, U.S.A.; model 

number MDL-III-808; wavelength 808 nm; ~7 × 17 × 5 cm in dimension; see Supporting 

Information for details).

Iron Oxide NPs-Mediated TMB-H2O2 Photothermal Immunoassay.

To monitor the photothermal effect of the Fe3O4 NPs-mediated TMB-H2O2 colorimetric 

immunoassay solutions obtained from different PSA concentrations (1.0− 64.0 ng mL−1), 

the immunoassay solutions (0.15 mL) in PCR tubes (0.2 mL) were irradiated vertically with 

the laser for 20 s at a power density of 5.26 W cm−2. A pen-style digital thermometer probe 

was immediately inserted into the solutions to monitor the temperature change after the 

irradiation. The highest steady temperature value achieved after about 5−8 s was recorded as 

the photothermal measurement signal. It should be noted that the laser power density 

changed (3.12 or 5.26 W cm−2) due to different laser irradiation directions and different 

surface areas under different situations. For example, a glass cuvette was used just to 

monitor the kinetic process of the photothermal effect over time, while PCR tubes were used 

for the final quantitative immunoassay (see Supporting Information for more details).

RESULTS AND DISCUSSION

Investigation of Photothermal Effects of the Fe3O4 NPs-Mediated TMB-H2O2 Colorimetric 
System.

Iron oxide NPs (Fe3O4 NPs) have been well established as efficient artificial HRP to 

catalyze the oxidation of TMB in the presence of H2O2.36 Based on the color change from 

the oxidation product of TMB, the Fe3O4 NPs-mediated TMB-H2O2 colorimetric system 

has been widely used for immunoassays by employing a UV−vis absorption spectrometer as 

the quantitative signal reader.36 Along with the color change, it is worth noting that 

significant changes in optical absorption properties often occur, providing the possibilities 

for exploration of the photothermal effect of the colorimetric system.

To study the feasibility of the Fe3O4 NPs-mediated TMBH2O2 colorimetric system (i.e., 

with no immunoassays involved) for photothermal conversion, we evaluated the 

colorimetric, optical, and photothermal properties of the system. Figure 1 shows the 

photographs, UV−vis absorption spectra, and the 808 nm laser-driven photothermal effect of 

different components in the colorimetric reaction system. Significantly, a rapid color change 

from colorless to blue was observed only in the presence of Fe3O4 NPs, TMB, and H2O2, 

whereas no apparent color changes were exhibited in other cases without the presence of 

Fe3O4 NPs, TMB, and H2O2 (Figure 1A). The resulting blue color indicated the successful 

Fe3O4 NPs-mediated TMB-H2O2 colorimetric reaction, where Fe3O4 NPs catalyzed the one-

electron oxidation of TMB to generate the charge transfer complex of oxidized TMB. To 

further confirm the above colorimetric reaction, the traditional HRP-catalyzed TMB-H2O2 

colorimetric reaction was carried out. Similarly, the typical blue color was observed only in 

the presence of HRP, TMB, and H2O2, further confirming the successful Fe3O4 NPs 

(artificial HRP)-mediated TMB-H2O2 colorimetric reaction. Strong characteristic absorption 

peaks were observed at 650 nm in the UV−vis absorption spectra only with the appearance 
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of the blue color in both Fe3O4 NPs and HRP-mediated TMB-H2O2 reaction systems 

(Figure 1B). The absorption peak derives from the charge transfer complex of the one-

electron oxidation product of TMB (oxidized TMB) during the colorimetric reactions.34,36 It 

is worth noting that the absorbance of oxidized TMB increased drastically from 750 nm in 

the NIR region, whereas no apparent light absorption was observed when no color changes 

were present. The significant light absorption of oxidized TMB in the NIR region indicates 

the possibility of the TMB-H2O2 colorimetric system for the NIR laser-driven photothermal 

conversion.

Similarly, different components from the reaction system were exposed to an 808 nm laser at 

a power density of 5.26 W cm−2 for 20 s to test the photothermal effect of the colorimetric 

reaction system. A pen-style digital thermometer was used to measure the temperature of the 

colorimetric reaction solutions immediately after the irradiation. A dramatic temperature 

increase was observed only with the appearance of the blue color after the irradiation. After 

inserting the thermometer probe into the laser-irradiated reaction solutions, the temperature 

reading increased rapidly and reached its highest steady value after about 5−8 s. To achieve 

accurate temperature readout for quantitative analysis, the highest steady temperature value 

was recorded as the photothermal measurement signal. Surprisingly high temperature 

increases of 17.9 and 13.2 °C were recorded from the Fe3O4 NPs- and HRP-mediated TMB 

H2O2 colorimetric reaction solutions (Figure 1C), respectively, while no significant 

temperature increases were found in other cases without color changes. These results 

demonstrated a remarkable NIR laser-driven photothermal effect of the Fe3O4 NPs/HRP-

mediated TMB-H2O2 colorimetric systems, which originated from the charge transfer 

complex of the one-electron oxidation product of TMB (oxidized TMB) due to its strong 

light absorption in the NIR region. Similar to some other nanomaterial-based photothermal 

agents,37 we believe that the Fe3O4 NPs-mediated colorimetric reaction product, oxidized 

TMB, can act as a photothermal probe to convert the adsorbed NIR light into heat. The 

discovered photothermal effect may be attributed to the complex photophysical conversion 

processes of oxidized TMB during the irradiation process. NIR laser-driven photothermal 

effects of some other small organic molecules have been reported for photothermal therapy 

of cancers.38–40 But, to the best of our knowledge, the NIR laser-driven photothermal effect 

of oxidized TMB has never been reported.

To study the relationship between Fe3O4 NPs and oxidized TMB concentrations, the optical 

absorption properties of the colorimetric reaction system with different concentrations of 

Fe3O4 NPs were then studied, as shown in Figure 2. The colorimetric reaction solutions 

showed a gradually darkening tendency from colorless to blue as the Fe3O4 NPs 

concentration increased in the range from 0.000375 to 0.006 mg·mL−1 (Figure 2A). In 

addition, the absorbance of oxidized TMB at 650 nm as well as in the NIR region in UV−vis 

absorption spectra also increased accordingly (Figure 2B). As the Fe3O4 NPs concentration 

increased, their peroxidase-mimicking activity improved, thus leading to the production of a 

higher concentration of oxidized TMB. It was found that the absorbance at 650 nm was 

proportional to the concentration of Fe3O4 NPs in the range from 0.000375 to 0.006 mg mL
−1 with the square of the correlation coefficient of 0.99 (Figure 2C). This linear relationship 

laid a base to link immunoassay information from Fe3O4 NPs to the photothermal effect of 

oxidized TMB for quantitative biomarker detection.
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To study the feasibility of the thermometer-based readout method for quantitative detection 

of biomolecules, the photothermal effect of the colorimetric reaction solutions mediated by 

different concentrations of Fe3O4 NPs were investigated in detail. The colorimetric reaction 

solutions were irradiated for different times to monitor the temperature increase, as shown in 

Figure 3A. As the Fe3O4 NPs concentration increased, the temperature of the reaction 

solutions increased dramatically for the same irradiation times from 10 to 60 s. The result 

can be attributed to the increasing concentration of the photothermal probe (oxidized TMB) 

in the reaction solutions. In addition, the temperature elevation rate increased obviously as 

the irradiation time increased. The temperature increase at shorter irradiation times (10−20 

s) was proportional to the concentration of Fe3O4 NPs in the range from 0.000375 to 0.006 

mg mL−1, with slopes of 2003.8 °C (mg mL−1)−1 at 10 s and 3058.1 °C (mg mL−1)−1 at 20 

s. The result was in good agreement with the linear relationship obtained from the traditional 

colorimetric study (Figure 2C), indicating the feasibility of the thermometer-based 

quantitative readout method based on the photothermal effect of oxidized TMB. However, 

the linear relationship was no longer observed at longer irradiation times (40−60 s), which 

might be attributed to the photobleaching of oxidized TMB during longer-time irradiation. 

Thus, 20 s was used as the irradiation time in the subsequent immunoassay study to avoid 

the photobleaching of the photothermal probe. Fe3O4 NPs showed minor temperature 

increases at both 20 and 60 s, confirming a strong photothermal effect of oxidized TMB.

To further look into the weaker photothermal effect of oxidized TMB during long-time 

irradiation, a Fe3O4 NPs-mediated TMB-H2O2 colorimetric reaction solution was irradiated 

by the laser for 10 min to monitor its photothermal process. A pen-style thermometer probe 

was inserted into the solution to measure the temperature change during the irradiation. The 

temperature of the solution increased rapidly from the initial temperature of 24.5 to 38.0 °C 

within the first 300 s, while no apparent temperature increase was observed in the blank, as 

shown in Figure 3B. However, the temperature started to decrease after the plateau at around 

320 s, indicating a time-dependent decrease in the photothermal effect of oxidized TMB 

during the longer irradiation process. This phenomenon is different from that of most 

photothermal nanomaterials, such as Prussian blue-, gold-, and carbon-based nanomaterials,
10–13 which usually show constantly increasing temperature during an irradiation time of 10 

min. But a similar time-dependent decrease in the photothermal effect was reported in the 

case of indocyanine green due to the photobleaching of the organic molecule under NIR 

laser irradiation.41–43 Compared with nanomaterials, the photo-thermal process of small 

organic molecules is more transient under high intensity irradiation, which could reach a 

saturated state rapidly within a short irradiation time. As a result, the photothermal effect 

could not be constantly achieved during long-time irradiation,41 thereby leading to the 

decrease of temperature. For comparison, a dispersion of Fe3O4 NPs at the same 

concentration was also irradiated, which exhibited a minor temperature increase of 1.0 °C 

during the irradiation process. These results further indicated the strong NIR laser-driven 

photothermal effect of oxidized TMB produced in the colorimetric reaction solution.
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Quantification of Disease Biomarkers in Human Serum Using the Fe3O4 NPs-Mediated 
TMB-H2O2 Photo-thermal Immunoassay Platform with a Thermometer.

On the basis of the aforementioned studies of the photothermal effect of the Fe3O4 NPs-

mediated TMB-H2O2 colorimetric system, the Fe3O4 NPs-mediated photothermal 

immunoassay platform was then explored using PSA as a model analyte. Normal human 

serum that was spiked with different concentrations of standard PSA was used for this 

investigation. After a series of immunoassay reactions and washing steps, as illustrated in 

Scheme 1, spherical iron oxide NPs were still observed at the substrate surface by the 

transmission electron microscope (see Supporting Information, Figure S-1), indirectly 

indicating the successful formation of the sandwich-type immunoassay complex. In 

addition, the color changes and UV−vis spectroscopic absorbance of these series of final 

immuno-assay solutions were characterized before testing the photo-thermal immunoassay 

using a common thermometer. As the PSA concentration increased in the range from 1.0 to 

64.0 ng mL−1, the immunoassay solutions exhibited a gradually darkening tendency from 

colorless to blue, as shown in Figure 4A. The result indicated the concentration increase of 

the photothermal probe (oxidized TMB) in the immunoassay solutions as the PSA 

concentration increased. In addition, the absorbance of oxidized TMB at 650 nm as well as 

in the NIR region in the UV−vis absorption spectra of the immunoassay solutions increased 

as the PSA concentration increased (Figure 4B). The absorbance at 650 nm was proportional 

to the logarithm of the PSA concentration in the range from 2.0 to 64.0 ng mL−1, with the 

square of the correlation coefficient of 0.99 (Figure 4C). Although the color changes from 

Figure 4A can be used for qualitative or semiquantitative analysis, a UV−vis absorption 

spectrometer is usually required to accurately quantify the PSA concentrations in serum 

samples.

We then quantitatively detected PSA using the Fe3O4 NPs-mediated TMB-H2O2 

photothermal immunoassay platform with a thermometer. The immunoassay solutions were 

irradiated with the laser for 20 s, and their temperature values were recorded to correlate 

with the PSA concentrations. The temperature elevation increased dramatically with the 

increase of PSA concentration after the irradiation, as shown in Figure 5A. With the increase 

of the PSA concentration, more Fe3O4 NPs were captured in the sandwich-type 

immunoassay system, thus resulting in the generation of higher concentrations of the Fe3O4 

NPs-mediated oxidation product of TMB (photothermal probe) in the immunoassay 

solutions. Significantly, a high temperature increase of 13.5 °C was monitored at the PSA 

concentration of 64.0 ng mL−1, while an obvious temperature increase of 1.4 °C was 

observed even at 1.0 ng mL−1. Only slight temperature increases were observed in the 

absence of TMB and H2O2 in the immunoassay system. These results demonstrated the 

successful transduction of the immunoassay signal into the temperature reading by the 

Fe3O4 NPs-mediated photothermal immunoassay platform, thereby allowing the sensitive 

visual readout of PSA concentrations using a thermometer. Henceforth, a new simple Fe3O4 

NPs-mediated TMB-H2O2 photothermal immunoassay platform using only a common 

thermometer will become feasible as a visual quantitative signal reader.

In the PSA concentration range from 1.0 to 64.0 ng mL−1, as shown in Figure 5A, the 

temperature increase was linearly correlated with the logarithm of PSA concentrations with 
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the square of the correlation coefficient of 0.99 (ΔT(°C) = 7.03 Log CPSA(ng mL−1) + 1.19). 

This linear relationship between the temperature increase and the logarithm of PSA 

concentration correlates well with the linear relationship between the absorbance and the 

logarithm of PSA concentration obtained from the traditional colorimetric immunoassay 

(Figure 4C). Using the new Fe3O4 NPs-mediated TMB-H2O2 photothermal immunoassay 

platform with a common thermometer for visual quantitative readout, the limit of detection 

(LOD) of 1.0 ng mL−1 PSA was determined using three folds standard deviation above the 

blank (i.e., normal human serum). It should be noted that this LOD is higher than that of 

some fluorescent and electrochemical methods (1.0−140.0 pg mL−1),44–46 but it is 

comparable to the previously reported traditional ELISA method (1.0 ng mL−1) using 

expensive and bulky spectrometers as the quantitative signal reader.34 It has been reported 

that the diagnostic threshold concentration of total PSA in human serum is 4.0 ng mL−1 in 

clinical prostate cancer diagnosis.34,47 Therefore, this new photothermal immunoassay 

platform meets the demand of prostate cancer diagnosis in practical clinical diagnostics. 

Herein, 808 nm was used as the irradiation wavelength because it has been widely used as 

the representative model wavelength for the investigation of the NIR laser-driven 

photothermal effect.11,12 However, the photothermal detection sensitivity might be further 

improved at other irradiation wavelengths, such as at the absorption peak at 650 nm and 

even at 980 nm in the longer NIR region, due to the stronger absorbance of the photothermal 

probe at these wavelengths, which is being further investigated by our group.

Specificity and Reproducibility of the Fe3O4 NPs-Mediated TMB-H2O2 Photothermal 
Immunoassay Platform.

To study the specificity of the Fe3O4 NPs-mediated TMB-H2O2 photothermal immunoassay 

for determining the target PSA, different interfering biomolecules such as BSA, IgG, CEA, 

and HBsAg were also measured using both the colorimetric and photothermal immunoassay, 

as shown in Figure 5B−D. No apparent temperature change was observed for the interfering 

biomolecules even at 10-fold higher concentrations than PSA, while a dramatic temperature 

elevation of 10.9 °C was recorded for the target PSA (32.0 ng mL−1; Figure 5D). 

Additionally, significant color change and a characteristic absorption peak of oxidized TMB 

at 650 nm in UV−vis absorption spectra were observed only for the target PSA (Figure 

5B,C). These results demonstrated high specificity of the Fe3O4 NPs-mediated TMB-H2O2 

photothermal immunoassay in the presence of high concentrations of interfering substances.

To study the reproducibility of the Fe3O4 NPs-mediated TMB-H2O2 photothermal 

immunoassay, the temperature increase of six immunoassay solutions at the same PSA 

concentration was tested. The relative standard deviation (RSD) of the temperature increase 

from these six immunoassay solutions was 5.12%. Furthermore, five immunoassay solutions 

at the same PSA concentration were individually obtained and tested at different times over 

a period of 5 weeks (once a week). The RSD of temperature increase was 6.20% over the 

time period of 5 weeks. These results demonstrated good reproducibility of the Fe3O4 NPs-

mediated TMB-H2O2 photo-thermal immunoassay. It should be noted that the photo-thermal 

measurement might be slightly affected by the starting temperature of the immunoassay 

solutions and the surrounding ambient temperature. Nevertheless, the ambient temperature 

variation can be ruled out, because we used the photothermal effect-induced temperature 
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difference (or the absolute increment value) between immunoassay solutions and the 

negative control as the final readout signal.

CONCLUSIONS

In this article, we presented our discovery of the photothermal effect of the Fe3O4 NPs-

mediated TMB-H2O2 colorimetric system, and applied it to develop a new simple 

photothermal immunoassay platform using a common thermometer as the visual signal 

reader for sensitive and quantitative biomolecular detection. In comparison with our 

previous work,29 the new iron oxide NPs-mediated TMB-H2O2 photothermal immunoassay 

platform provides new opportunities for simpler biomolecular quantitation (e.g., no needs 

for complex NP transformation procedures). The thermometer-based readout method 

exhibits extraordinary advantages for instrument-free bioanalysis in low-resource settings.48 

Using this method, a cancer biomarker (e.g., PSA) can be readily quantified using a 

thermometer for rapid cancer diagnosis and screening at various venues such as a 

physician’s office. However, there are still some limitations. For instance, the light source 

that we used herein is still relatively expensive compared to a thermometer. Nevertheless, 

with the rapid advancements of photoelectric devices, more and more hand-held NIR laser 

pointers with different wavelengths and powers are becoming commercially available and 

affordable (e.g., at a price of ~$100 and lower) to even a physician’s office. Given the fact 

that the TMB-H2O2-based colorimetric system is one of the most widely used traditional 

immunoassays using a UV−vis absorption spectrometer as the signal reader, the newly 

discovered photothermal effect of the colorimetric immunoassay system shows great 

potential for POC biomolecular detection and other biomedical and material applications.
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Scheme 1. 
Schematic Illustration of the Photothermal Immunoassay Platform Based on the 

Photothermal Effect of the Iron Oxide NPs-Mediated TMB-H2O2 Colorimetric System
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Figure 1. 
Photographs (A) and UV−vis absorption spectra (B) of different components of the Fe3O4 

NPs/HRP-mediated TMB-H2O2 colorimetric reaction system. (C) Temperature changes 

(ΔT) of the reaction solutions (0.15 mL) after the irradiation by an 808 nm laser for 20 s at a 

power density of 5.26 W cm−2. All temperature increase values are the absolute temperature 

increment values by comparing the temperature of the solutions before and after the 

irradiation. The final concentrations of Fe3O4 NPs, HRP, TMB, and H2O2 in the reaction 

solutions are 0.006 mg mL−1, 0.002 U mL−1, 0.4 mM, and 1.0 M, respectively. Error bars 

indicate standard deviations (n = 4). An asterisk indicates a statistically significant difference 

(*P < 0.05).
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Figure 2. 
Photographs (A) and UV−vis absorption spectra (B) of the TMB-H2O2 colorimetric reaction 

solutions mediated by different concentrations of Fe3O4 NPs in the range from 0 to 0.006 

mg·mL−1. (C) Relationship between absorbance (a.u.) at 650 nm in UV−vis absorption 

spectra of the reaction solutions vs concentration of Fe3O4 NPs (Ciron oxide NPs in mg mL−1). 

Error bars indicate standard deviations (n = 4).
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Figure 3. 
(A) Relationship between Fe3O4 NPs concentration (mg mL−1) and temperature increase 

(ΔT/°C) of the colorimetric reaction solutions (0.15 mL) after irradiation at a power density 

of 5.26 W cm−2 for different time periods (10−60 s). (B) Temperature monitoring of the 

Fe3O4 NPs (0.006 mg mL−1)-mediated TMB H2O2 colorimetric reaction solution (1.0 mL), 

Fe3O4 NPs (0.006 mg mL−1) aqueous dispersion (1.0 mL), and water (1.0 mL) during the 

808 nm laser irradiation for 10 min at a power density of 3.12 W cm−2. Error bars indicate 

standard deviations (n = 4).
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Figure 4. 
Photographs (A) and UV−vis absorption spectra (B) of the Fe3O4 NPs-mediated TMB-H2O2 

colorimetric immunoassay solutions obtained from different concentrations of PSA in the 

range from 0 to 64.0 ng mL−1. (C) Calibration plot of absorbance at 650 nm in UV−vis 

absorption spectra of the Fe3O4 NPs-mediated TMB-H2O2 colorimetric immunoassay 

solutions vs the logarithm of the PSA concentration (CPSA/ng mL−1). Error bars indicate 

standard deviations (n = 4).
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Figure 5. 
(A) Calibration plots of the temperature increase (ΔT/°C) of the immunoassay solutions in 

the presence of Fe3O4 NPs-TMB-H2O2 or in the presence of Fe3O4 NPs only vs the 

logarithm of PSA concentration (CPSA/ng mL−1). The immunoassay solutions (0.15 mL) 

were irradiated by the 808 nm laser for 20 s at a power density of 5.26 W cm−2. (B) 

Photographs and (C) absorbance at 650 nm in the UV−vis absorption spectra of the Fe3O4 

NPs-mediated TMB-H2O2 colorimetric immunoassay solutions obtained from PSA (32.0 ng 

mL−1) and different interfering substances (320 ng mL−1). (D) Temperature increases of the 

immunoassay solutions after the laser irradiation. Error bars indicate standard deviations (n 
= 4). Abbreviations: BSA, bovine serum albumin; CEA, carcino-embryonic antigen; 

HBsAg, hepatitis B surface antigen; IgG, immunoglobulin G.
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