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Abstract

Ascorbic acid (AA) plays a multidimensional role in human physiological and patholog-
ical processes, and the detection of its urinary concentration facilitates the diagnosis of
metabolic or kidney diseases. Visual detection exhibits minimal reliance on instrumen-
tation and is suitable for on-site analysis in routine settings. Current visual colorimetric
detection methods typically rely on enzymatic or nanozyme-based catalysis. Organic neu-
tral radicals bearing unpaired electrons represent a class of materials exhibiting intrinsic
responsiveness to redox stimuli. The tris (2,4,6-trichlorophenyl) methyl (TTM) radical has
attracted widespread attention for its adjustable optical properties and sensitive response
to external redox stimuli. We synthesized a novel radical TTM-DMODPA and applied it
for non-catalytic colorimetric detection of AA. It not only enables quantitative AA mea-
surement via UV-vis spectroscopy (linear range: 1.25–75 µmol/L, LOD: 0.288 µmol/L) but
also facilitates instrument-free visual detection using smartphone cameras (linear range:
0–65 µmol/L, LOD: 1.46 µmol/L). This method demonstrated satisfactory performance
in the measurement of AA in actual urine samples. Recovery rates ranged from 97.8% to
104.1%. Consequently, this work provides a portable and effective method for assessing
AA levels in actual urine samples.

Keywords: visual detection; ascorbic acid; radical TTM-DMODPA; non-catalytic;
smartphone camera

1. Introduction
Ascorbic acid (AA) exerts multidimensional roles in human physiological and patho-

logical processes [1–3]. Its core functions primarily involve maintaining redox homeostasis,
modulating immune regulation, and facilitating tissue repair [4–6]. Physiologically, ascorbic
acid plays an important role in antioxidant defense, collagen synthesis, immune regulation,
and iron metabolism regulation [7–10]. In the pathological process, AA is indispensable
for combating infectious diseases, chronic diseases, inflammation, and allergy [11–15]. AA
functions as a pivotal nexus between nutritional metabolism and disease defense through
maintaining redox homeostasis, promoting collagen formation, and enhancing immunity
through a triple mechanism. Its deficiency or excess can disrupt physiological balance and
precipitate pathological manifestations [16–21]. Therefore, monitoring AA concentrations
in biological fluids constitutes a critical diagnostic imperative.

There are many methods for detecting AA, including electrochemical [22], chromato-
graphic [23], enzymatic [24–26], chemiluminescence [27], UV-vis [28,29], and fluorescence
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spectroscopic analysis [30,31]. The detection of ascorbic acid holds significant clinical and
nutritional importance, as it serves as a key biomarker for oxidative stress assessment and
dietary supplementation monitoring [32,33]. While conventional techniques offer valuable
detection capabilities, certain practical considerations warrant attention. Electrochemical
approaches may be susceptible to electrode surface contamination, chromatographic analy-
sis requires advanced instruments, enzymatic systems can demonstrate variable stability
profiles, and fluorescence-based detection frequently requires extensive sample prepa-
ration [34]. These challenges motivate the development of simpler yet robust detection
platforms. Among these, the colorimetric method has emerged as the preferred routine
detection modality owing to its operational simplicity, cost-effectiveness, and high through-
put, especially in resource-limited scenarios [35–37]. To date, most colorimetric detection
methods for AA predominantly rely on the TMB colorimetric reaction, which requires the
participation of enzymes or mimic enzymes [35,37,38], making the composition of the de-
tection system complex. These observations indicate that enzyme-dependent systems may
face challenges in achieving optimal performance for colorimetric detection. Some primary
constraints should be addressed regarding potential instability in field applications and
the existing challenges for point-of-care diagnostics within biological matrices. Therefore,
the expansion of colorimetric detection materials and the development of more simplified
detection systems for AA are desirable for the efficient and multi-scene detection of AA.
Particularly, enzyme-free systems could bridge this gap by combining the simplicity of
colorimetry with environmental adaptability.

Organic neutral radicals containing unpaired electrons are a type of natural re-
dox stimuli-responsive material [39]. Owing to the high activity of the intramolecular
unpaired electrons, organic radicals exhibit responsive behavior toward electric fields
and chemical redox species [40]. Among various reported organic radicals, tris (2,4,6-
trichlorophenyl)methyl (TTM) radicals have garnered significant interest owing to their
excellent light/thermal stability, adjustable optical properties, and naked-eye-detectable
redox responsiveness [41–43]. Consequently, it is accessible to realize the colorimetric
detection for redox species using TTM-based radical materials. Notably, no prior studies
have demonstrated non-catalytic visual AA detection mediated by organic radical systems.

In this work, a novel organic neutral radical, 4,4′-dimethoxydiphenylamine-substituted
tris(2,4,6-trichlorophenyl)methyl (radical TTM-DMODPA), was designed and synthesized.
The recovery of radical from its TTM-DMODPA cation was observed with AA injecting,
accompanied by characteristic absorbance attenuation and the change in absorption profiles
as well as colorimetric transition from blue to grass green (Scheme 1).

 
Scheme 1. Illustration for ascorbic acid visual detection.
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Based on this, a linear relationship between AA concentrations and absorbance varia-
tion was found with the help of a UV-vis spectrophotometer. Furthermore, smartphone-
based RGB analysis demonstrated comparable linearity, validating the on-site detection
capability. In summary, we have developed a non-catalytic convenient visual analysis
method for AA detection based on radical TTM-DMODPA and applied it in actual urine
samples, which provided a fresh perspective for the material and approach development
of biological detection and diagnosis.

2. Materials and Methods
2.1. Chemicals and Reagents

Hydrochloric acid (HCl), hydrogen peroxide (H2O2), chloroform, and toluene
were procured from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 1,3,5-
trichlorobenzene, aluminum chloride (AlCl3), 4,4′-dimethoxydiphenylamine, tetrahydrofu-
ran (THF) potassium tert-butoxide (t-BuOK), and p-chloranil were ordered from Anhui Sen-
rise Technology Co., Ltd. (Heifei, China). bis(dibenzylideneacetone)palladium (Pd(dba)2),
2,2-bis(diphenylphosphino)-1,1-binaphthalene (BINAP), and sodium tert-butoxide (t-
BuONa) were purchased from Shanghai Titan Technology Co., Ltd. (Shanghai, China).
Ascorbic acid (AA), potassium chloride (KCl), sodium chloride (NaCl), calcium chloride
(CaCl2), glucose, glycine (Gly), methionine (Met), uric acid, urea, and cysteine (Cys) were
purchased from Adamas Reagents Co., Ltd. (Shanghai, China). All commercially available
reagents have not been further purified.

2.2. Equipment and Characterization
1H NMR (500 MHz) and 13C NMR (125 MHz) spectra were measured on a Bruker

Avance III HD spectrometer. Signal multiplicities are abbreviated as s (singlet), d (doublet),
m (multiplet). High-resolution mass spectroscopies (HRMS) were collected using a Thermal
Orbitrap Exploris 120 mass spectrometer. Electron paramagnetic resonance (EPR) spectra
of radicals were obtained on a Bruker EMXPlus at ambient temperature. UV-vis absorption
spectra were recorded using a 754PC UV-vis spectrophotometer (Yixin Scientific Instrument,
Shanghai, China) with 1 nm resolution.

2.3. Synthesis of Compound HTTM-DMODPA

Compound HTTM was prepared following the literature procedures [44].
Under nitrogen atmosphere, a mixture of compound HTTM (1.30 g, 2.35 mmol), 4,4′-

dimethoxydiphenylamine (0.32 g, 1.41 mmol), Pd(dba)2 (0.14 g, 0.24 mmol), BINAP (0.16 g,
0.26 mmol), t-BuONa (0.68 g, 7.05 mmol), and anhydrous toluene (30 mL). The mixture was
refluxed at 105 ◦C for 14 h. After cooling to room temperature, the solvent was removed
under vacuum, and the crude product was purified by silica gel column chromatography
(DCM/PE = 1:7 v/v). White solid HTTM-DMODPA was obtained in 44% yield (0.46 g).

2.4. Synthesis of Radical TTM-DMODPA

Under nitrogen atmosphere, a mixture of compound HTTM-DMODPA (0.12 g,
0.16 mmol), t-BuOK (0.72 g, 6.40 mmol), and dry THF (10 mL) was stirred for 40 h at room
temperature in the absence of light. Then the p-chloranil (0.79 g, 3.20 mmol) was added,
and the solution was stirred for another 24 h. The solvent was removed under vacuum, and
the crude product was purified by silica gel column chromatography (DCM/PE = 1:9 v/v).
Dark green solid TTM-DMODPA was obtained in 55% yield (0.07 g).
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2.5. Procedures for Ascorbic Acid Assay

After mixing 40 µL of radical TTM-DMODPA (760 µM), 10 µL of H2O2 (12 mM), and
10 µL of HCl (8 mM), 300 µL of acetonitrile was added and incubated at 60◦C for 5 min to
obtain the TTM-DMODPA cation. Then 40 µL of ascorbic acid with different concentrations
was added to obtain a series of test solutions. After reaction at room temperature for 1 min,
their UV-vis spectra and images were recorded. The absorbance change at 652 nm was
defined as ∆A (∆A = A0 − A, where A and A0 represent the absorbance of the detection
system with and without ascorbic acid, respectively), which was used as the dependent
variable of the standard curve to optimize the detection conditions. Triplicate measurements
were performed for all experimental conditions.

3. Results and Discussion
3.1. Synthesis and Characterization of Radical TTM-DMODPA

The target radical TTM-DMODPA (Figure 1A) was prepared through sequential de-
hydrogenation and oxidative transformation of its precursor HTTM-DMODPA, itself syn-
thesized via C-N cross-coupling of HTTM with 4,4′-dimethoxydiphenylamine (Scheme S1,
Figure 1A). The 1H and 13C NMR spectra confirmed the successful synthesis of radi-
cal precursor HTTM-DMODPA (Figures S1 and S2). HRMS analysis of radical TTM-
DMODPA showed the consistent peak position of 745.8936 (m/z) with the calculation
value of 745.8943 (Figures 1B and S3), confirming the radical’s molecular formula. EPR
spectroscopy (Figure 1C) revealed g = 2.003, demonstrating the open-shell radical structure
with unpaired electrons and corroborating literature reports [45]. As depicted in Figure 1D,
TTM-DMODPA showed an intense absorption peak around 381 nm corresponding to the
π−π* transitions of the TTM congeneric family, and the whole absorption profile was also
consistent with those reported triarylmethyl radicals [46].

 
Figure 1. TTM-DMODPA: (A) molecular structure, (B) high resolution mass spectra (HRMS),
(C) electron paramagnetic resonance (EPR), (D) UV-vis absorption spectrum, and (E) UV-vis ab-
sorption spectra of TTM-DMODPA cation with the addition of AA (0, 15, 35, 55, 75 µmol/L) within
the range of 300–800 nm. The red dot is used as a conventional marker for radical and belongs to the
category of universal symbols.



Chemosensors 2025, 13, 277 5 of 13

3.2. Feasibility Analysis

Primary investigation of AA-mediated regeneration of the quinoidal TTM-DMODPA
cation [44] revealed significant spectral changes. As shown in Figure 1E, it was found
that with the addition of AA, the absorbance value of the radical characteristic absorption
peak at 381 nm gradually recovered from 0.370 to 1.009. As shown in Figure 2A, TTM-
DMODPA cation with quinoid structure is a typical electron-deficient species [47]. Upon
the addition of AA, the positively charged nitrogen center atom would first be reduced to
the corresponding neutral state, accompanied by the generation of dehydroascorbic acid
(DHAA), and then the intramolecular electronic isomerization would occur to afford a
stable aromatic sextet structure and the recovery of the radical structure. With the recovery
of radical TTM-DMODPA, the absorption profiles of the systems would change significantly,
which also provided the accessibility for specific detection of AA [48]. In the visible region,
the maximum absorption peak is located at 652 nm. The injection of AA lead to the falling
off of its absorbance value from 1.195 to 0.316 at 652 nm. The absorbance value decreased
by 3.78 times, as shown in Figure 2B. The color has changed from blue to grass green. These
mean that the addition of AA will restore the oxidized cations to their radical form. As
shown in Figure 2C, the Benesi–Hildebrand (B–H) technique was employed to determine
the binding stoichiometry of the TTM-DMODPA cation and ascorbic acid, and 1:1 binding
stoichiometry was obtained by plotting 1/(A0 − A) versus 1/[AA] [49,50]. Taken together,
these results indicated that the UV-vis spectra and color changes in TTM-DMODPA cation
have the potential to detect AA.

 

Figure 2. (A) Reaction diagram of AA with TTM-DMODPA cation (Red: quinoid structure).
(B) The UV-vis absorption spectra of different systems. Insert: the corresponding photograph.
(a: TTM-DMODPA/H2O2. b: TTM-DMODPA/H2O2/AA) (C) B-H plot of TTM-DMODPA cation
and AA.

3.3. Colorimetric Detection of Ascorbic Acid

Based on the above results, we next attempt to optimize and validate the TTM-
DMODPA cation recovery assay with the addition of AA. To maximize sensitivity, a
systematic study was conducted on the incubation and reaction time, incubation and reac-



Chemosensors 2025, 13, 277 6 of 13

tion temperature, as well as the concentration of HCl and H2O2 in the reaction system to
identify optimal experimental conditions for sensing strategies. We firstly optimized the
incubation and reaction time (Figure 3A). Radical TTM-DMODPA, H2O2, and HCl were
mixed under 60 ◦C to investigate incubation time. As the incubation time increases, ∆A
gradually increases from 0 to 5 min and then stabilizes after 5 min. This profile confirmed
5 min as the optimal incubation duration, ensuring complete cation generation without
over-oxidation. AA was added to TTM-DMODPA cation solution to investigate reaction
time, and it showed a sharp enhancement within 1 min, suggesting the rapid radical re-
covery reaction caused by AA. The effect of incubation and reaction temperature was also
verified. As shown in Figure 3B, the incubation ∆A increased between 20 to 60 ◦C and
remained constant. The reaction ∆A remained stable after 30 ◦C. Therefore, incubation
temperature of 60 ◦C and reaction temperature of room temperature were employed for
further experiments. The concentration of H2O2 and HCl will greatly affect the intensity of
the colorimetric signal, so it also needs to be optimized. By comparing the ∆A of different
HCl concentrations, it is found that as the concentration increases from 0 to 200 µmol/L,
the ∆A of TTM-DMODPA cation at 652 nm gradually increases and then tends to flat
(Figure 3C). Thus, 200 µmol/L of HCl was selected as the suitable concentration for
subsequent experiments. The concentration of H2O2 affects the degree to which radical
TTM-DMODPA forms cations. As the concentration of H2O2 increases, it shows an in-
creasing trend below 300 µmol/L and then gradually decreases slightly. Consequently,
300 µmol/L H2O2 was identified as the compromise point.

 

Figure 3. The optimizations of experimental conditions. Effect of (A) incubation and reaction time,
(B) incubation and reaction temperature, (C) concentration of HCl, and (D) concentration of H2O2 on
the absorbance change at 652 nm.

Supported by optimizing experimental conditions, the reproducibility, the linear
response range, detection limit, and selectivity of the method were evaluated. The TTM-
DMODPA cation showed a relatively small relative standard deviation (RSD ≤ 4.50%)
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after interacting with multiple concentrations of AA (Figure 4), confirming robust method
reproducibility under variable analyte loads.

 
Figure 4. Histogram of ∆A intensity with the concentration of AA = 0, 5, 30, 75 µmol/L.

As shown in Figure 5A, the absorbance gradually decreases with increasing AA con-
centration. Consequently, the absorbance change value at 652 nm (∆A652 nm) was used for
quantitative analysis of AA. As shown in Figure 5B, there is a good linear relationship between
the concentrations of ∆A652 nm and AA in the range of 1.25~75 µmol/L. The regression analysis
of the data resulted in the following equation: ∆A652 nm = 0.0104CAA + 0.1068 (R2 = 0.9984).
Based on the 3σ/slope (σ is the standard deviation of 15 blank solution measurements),
the detection limit (LOD) was calculated as 0.288 µmol/L. As shown in Table 1, compared
with other recently reported methods for AA spectral detection techniques, this work
using TTM-DMODPA cation as probe exhibits better or comparable analytical performance
in the linear range or LOD. Notably, this method is not applicable to any heavy metals,
precious metals, or catalysts. And it only requires radical TTM-DMODPA, H2O2, and
HCl. The composition of the reaction system is simple and easy to control. All of these
indicate that TTM-DMODPA cation is an ideal probe for detecting AA concentration in
UV-vis spectroscopy.

Figure 5. (A) UV-vis absorption spectra in the presence of various AA concentrations. (B) The linear
relationship between ∆A652 nm and AA concentration.
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Table 1. Comparison of the present work for AA detection with recently reported methods.

Detection System Analytical
Method

Linear Range
(µM)

LOD
(µM) References

Fe-CuO + TMB colorimetric 5–50 4.66 [51]
Fe-N-C + TMB colorimetric 0.1–2 0.1 [52]

N-GQDs/Fe3O4@Co9S8 + TMB colorimetric 1–70 0.404 [53]
CuMnO2 + TMB colorimetric 1–105 0.39 [54]
CoOOH-ABTS colorimetric 0.5–15 0.16 [55]
SiQDs + MnO2 fluorometric 1–80 0.48 [56]

Au@MnO2 fluorometric 0.75–17.5 0.47 [57]
Ti3C2QDs + CoOOH fluorometric 0–100 0.19 [58]

CdTe QDs fluorometric 10–250 1.3 [59]
Eu MOF fluorometric 0–3.0 0.32 [60]

TTM-DMODPA cation colorimetric 1.25–75 0.288 This work

Considering the importance of anti-interference performance in actual sample detec-
tion, 16 interfering substances (K+, Na+, Mg2+, Ca2+, Cl−, glucose, Gly, Met, uric acid urea,
Cys, citric acid, tartaric acid, and lactic acid) were employed to evaluate the selectivity
for TTM-DMODPA cation toward AA determination. As demonstrated in Figure 6, with
the exception of AA, none of the interfering substances exhibited significant ∆A652 nm

values. Therefore, the TTM-DMODPA cation demonstrates excellent specificity for AA
determination in complex matrices.

 
Figure 6. The selectivity of TTM-DMODPA cation system to AA (AA is 75 µmol/L, and other
substances are 500 µmol/L).

3.4. Camera Photography Analysis

To validate the field applicability of the colorimetric method, smartphone-captured
images of reaction solutions containing graded AA concentrations were systematically ana-
lyzed (Figure 7A), with subsequent RGB value extraction demonstrating linear correlation
(R2 = 0.9910) with AA concentration, thereby confirming the reliability of this instrument-
free visual detection platform for on-site quantitative analysis. The RGB values are then
quantitatively analyzed using the Euclidean distance (EDs = (∆R2 + ∆G2 + ∆B2)1/2). The
quantitative analysis results are shown in Figure 7B. The linear relationship between
EDs and AA concentration ranges from 0~65 µmol/L. The LOD was determined to be
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1.46 µmol/L. Therefore, the proposed method demonstrates superior analytical perfor-
mance for AA analysis and provides an instrument-free visual detection strategy.

 
Figure 7. Analysis based on smartphone camera: (A) colorimetric picture taken by smartphone
camera and the corresponding RGB values. (B) The linear relationship between ED value and added
AA concentration.

3.5. Urine Sample Detection

As explained before, the proposed TTM-DMODPA cation system demonstrated ex-
cellent linearity and selectivity for AA quantification, rendering it particularly suitable
for detecting the concentration in actual samples. The detection of AA content in urine
can be used to evaluate vitamin C intake, identify interference factors in urine tests, and
assist in the diagnosis of metabolic or kidney diseases in specific situations. To verify
the usability of the TTM-DMODPA cation system, AA detection was performed in urine
samples provided by adult volunteers in our team. Then, the standard addition method
was used for spiked recovery experiments to check the accuracy of our system (Table 2).
The concentrations of AA in urine were found to be 121.5 and 93.8 µmol/L, respectively.
The recovery of AA in urine samples of healthy volunteers was between 97.8% and 104.1%,
and the relative standard deviation (RSD, n = 3) at each concentration was less than 4.03%.
All these acceptable results declare the potential application of AA detection in actual
urine samples.
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Table 2. Measurements of AA in human urine samples.

Samples 1 Added (µM) Found (µM) Recovery (%) RSD (n = 3, %)

Urine 1 0.0 12.15 − 2.69
5.0 17.27 102.4 4.03
10.0 22.09 99.4 3.88

Urine 2 0.0 9.38 − 3.28
5.0 14.27 97.8 1.12
10.0 19.79 104.1 2.32

1 The urine samples were diluted 10 times for detection.

4. Conclusions
In summary, we have synthesized a novel radical TTM-DMODPA and established a

new colorimetric detection method by utilizing the property of AA to restore its oxidation
state to radical. Under the reaction conditions of incubation time of 5 min, temperature of
60 ◦C, H2O2 concentration of 300 µmol/L, and HCl concentration of 200 µmol/L, it has
analytical performance comparable to the methods reported in the literature. And suc-
cessfully applied in human urine samples with satisfactory AA recovery. The constructed
smartphone camera system is suitable for on-site analysis scenarios without analytical
instruments. It also provides a portable and effective method to perform AA analysis in ac-
tual samples. This provides a convenient and innovative approach for biological detection
and diagnosis. Despite the limitation in in situ monitoring capabilities, this instrument-
free approach represents a significant advancement toward portable AA quantification in
resource-limited settings, offering new possibilities for decentralized healthcare diagnostics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors13080277/s1, Scheme S1: Synthetic Route for radical
TTM-DMODPA; Figures S1-S2: 1H and 13C NMR spectra of new compounds; Figure S3: HRMS
spectrum (ESI) of radical TTM-DMODPA.
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