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HIGHLIGHTS GRAPHICAL ABSTRACT

e A new carbonized polymer dot with
flexible disulfide-bridged structure.

o A novel strategy for modulting quantum
yield by controllably introducing the
disulfide bonds.

e The carbonized polymer dots show se-
lective identification of iron (III).

e A novel technique for real applications
in identifying total iron content of meat
by-product.

ARTICLE INFO ABSTRACT
Keywords: Herein, a novel flexible disulfide-bridged hyperbranched poly(amido amine)s based nonconjugated carbonized
Carbonized polymer dots polymer dots (ssHPA-CPDs) was developed using citric acid and ssHPA with disulfide bonds as precursors. The

Hyperbranched poly(amido amine)s
Iron, fluorescence
Detection

structure and composition of ssHPA-CPDs were characterized by transmission electron microscopy, X-ray
photoelectron spectroscopy, Fourier transform infrared spectroscopy, raman spectroscopy, and small-X-ray
scattering. The results show that when the mass ratio of ssHPA-CPDs/citric acid is 0.5, graphite nitrogen and
thiophenone/thiazole sulfur occupy a dominant position, with a higher quantum yield (29.08%). The high di-
sulfide bond content increases ssHPA-CPDs flexibility, leading to greater surface roughness and enhanced Fe(III)
binding. In addition, the fluorescence intensity of ssHPA-CPDs at 465 nm (hex = 350 nm) was used as the
quantitative signal for Fe(III) detection with a limit of detection of 0.07 pM. The ssHPA-CPDs offering a rapid
(1.0 min) and reproducible (three times) method by adding ascorbic acid for accurately determining Fe(III)
content in liver and blood samples, with spiked recovery rates ranging from 87.47% to 106.01%. This method

* Corresponding author.
E-mail address: licheng01@caas.cn (C. Li).
! These authors contributed to the work equally and should be regarded as co-first authors.

https://doi.org/10.1016/j.saa.2026.127837

Received 5 January 2026; Received in revised form 17 March 2026; Accepted 31 March 2026

Available online 1 April 2026

1386-1425/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:licheng01@caas.cn
www.sciencedirect.com/science/journal/13861425
https://www.journals.elsevier.com/spectrochimica-acta-part-a-molecular-and-biomolecular-spectroscopy
https://www.journals.elsevier.com/spectrochimica-acta-part-a-molecular-and-biomolecular-spectroscopy
https://doi.org/10.1016/j.saa.2026.127837
https://doi.org/10.1016/j.saa.2026.127837
http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2026.127837&domain=pdf

X. Tian et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 358 (2026) 127837

adopts flexible disulfide-bridged CPDs to regulate quantum yield, offering a rapid and accurate approach to
detect Fe(III) content in meat by-products for the evaluation of food safety and human health.

1. Introduction

The iron (Fe) is considered as the indispensable element for life [1,2].
Particularly, the Fe element serves as a critical component of haemo-
globin and iron-sulfur clusters, essential for oxygen transport and hae-
matological homeostasis [3,4]. Moreover, iron levels in some tissues
serve as key indicators for metabolic diseases [5,6]. The World Health
Organization (WHO) recommends that the allowable daily intake of Fe
should be 7-18 mg/day, as both insufficient and excessive intake of Fe
could lead to serious biological dysfunctions and physiological damage
[7-9]. Meat by-products, such as liver and blood, are not only significant
in human dietary cultures but also important sources of dietary iron
[10,11]. Knowledge of the iron content in animal-derived foods regu-
lates dietary iron balance and safeguards human health. Therefore, it is
of great significance to develop a rapid, convenient and accurate method
for detecting iron content in meat by-products.

Fluorescent carbon dots (CDs) prove to be one of the most effective
tools for Fe (III) sensing due to their low toxicity, distinct optical
properties, and excellent light stability [12-14]. Among them, carbon-
ized polymer dots (CPDs), as an essential subgroup of CDs, exhibit
enhanced structural stability compared to conventional polymers due to
the carbonized framework, and better compatibility due to the retained
polymeric chains. For instance, Han et al. [15] prepared highly sensitive
and selective CPDs using citric acid, urea, and ammonium paratungstate
as raw materials. The CPDs possess a quantum yield of 3.86%, with a
good response for Fe (III) sensing. Xia et al. [16] synthesized room
temperature-derived CPDs using ascorbic acid and diethylenetriamine.
The response to Fe (III) is linear within the concentration range of 0.2 to
10.0 pM, with a LOD of 0.1 uM. However, the challenges such as low
quantum yield, high detection limit and so on, still limit its real
application.

Hyperbranched polymers with spherical, three-dimensional struc-
tures and abundant terminal groups are promising polymer materials for
the nonconjugated CPDs synthesis. Such nonconjugated CPDs were first
discovered by Yin et al. [17] in 2012. To date, various hyperbranched
polymers have been employed as precursors for CPDs synthesis, such as
hyperbranched polyethylenimine (PEI), hyperbranched polysiloxane,
hyperbranched polyborates, and so on [18,19]. For instance, Zhu et al.
[20] and Bhattacharyya et al. [21] adopt branched PEI as a model non-
conjugated polymer to investigate its high photoluminescent properties.
The results reveal that the enhanced photoluminescence is attributed to
Crosslinking-Enhanced Emission (CEE) effect, arising from the restricted
vibration and rotation of the crosslinked PEI chains, as well as the
numerous sp> domains formed alongside graphitic nitrogen. The ele-
ments addition (such as N, S, O) by modulating the energy band struc-
ture and electronic structure of CPDs can further enhance the cross-
linking structure and possess excellent optical properties [22-25].
However, as a commercial product, the flexibility of the three-
dimensional structure and the adjustability of its elements of PEI are
severely limited, which poses great challenges for further improving the
detection performance and fluorescence properties.

To our best knowledge, CPDs derived from hyperbranched poly
(amido amine)s incorporating flexible disulfide linkages within their
internal architecture have not yet been reported. Moreover, the back-
bone flexibility modulated by controlled incorporation of disulfide
linkages within hyperbranched polymers on the photoluminescent
behavior of the resulting CPDs remains unexplored. Herein, we devel-
oped a series of disulfide-bridged hyperbranched poly(amido amine)s
based on N, S Co-doping ssHPA-CPDs. Through precise adjustment of the
content of ssHPA and disulfide group content in ssHPA backbone
structures, we successfully developed a system model for CPDs with

tunable backbone flexibility. This study proposes an innovative het-
eroatom doping strategy that utilizes sulfur-enriched hyperbranched
poly(amido amine) precursors with gradient disulfide bond concentra-
tions, achieving a remarkable enhancement in QY up to 29.08% in
water. After reacting with Fe>*, the luminescence of ssHPA-CPDs can be
sharply, sensitively, and selectively reduced via a static quenching
mechanism. This sensor has been utilized for measuring trace amounts
of Fe (III) content in real samples such as liver and blood. In summary,
this method offers the advantages of fast response, convenience, and
high sensitivity. Consequently, it holds significant promise for applica-
tions in Fe (III) detection within the food analysis and biomedical field.

2. Experimental
2.1. Materials

FeCls, citric acid (CA), quinine sulfate, ascorbic acid (AA), and
methanol (chromatography grade) were purchased from Shanghai
Adamasi Reagents Co., Ltd. Cystamine dihydrochloride, tri(2-
aminoethyl) amine (TAEA) and acryloyl chloride were purchased from
Beijing J&K Scientific Ltd. Dulbecco's Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazoliumbromid (MTT) were obtained from Jiangsu Sumeike Biological
Technology Co. Ltd. All additional employed directly without any
further purification. N, N'-cystaminebisacrylamide (CBA) and N, N'-
hexmethylenebisacrylamide (HMBA) were synthesized according to our
previous work [26]. Pig and chicken liver were purchased from Xingfu
Rongyao Supermarket in Beijing, and pig and duck blood were pur-
chased from Beijing Ershang Xijie Foodstuff Co., Ltd.

2.2. Synthesis of ssHPA

The ssHPAs were synthesized by Michael addition reaction between
TAEA and CBA/HMBA, and the different content of disulfide groups in
ssHPAs was designed by adjusting the molar ratio of CBA/HMBA, named
as ssHPAxq,. Typically, the mixture of CBA/HMBA (2.0 mmol in total)
dissolved in 2 mL of methanol and TAEA (2.2 mmol) dissolved in 8 mL of
methanol was mixed and reacted under N for 96 h. Finally, the poly-
merization solution was added to the CH3OH/HCI solution to obtain the
product.

2.3. Synthesis of ssHPA-CPDs

For preparation of ssHPA-CPDs, CA (1.0 g) and ssHPAs with different
S—S bond content (named as ssHPAyq-CPDs) or different masses
(0.04-2.0 g) (named as ssHPA-CPDy) were dissolved in ultrapure water
(100 mL), and then transferred to a polytetrafluoroethylene autoclave
and reacted at 130 °C for 6 h in an oven. Once cooled to room tem-
perature, the solution was filtered through a membrane filter (0.22 pm)
to obtain the purified product. Subsequently, the final product was ob-
tained through freeze-drying.

2.4. Characterization

The nano-morphology was characterized using a JEM-2200FS
transmission electron microscope (Japan). Raman spectroscopy anal-
ysis of ssHPA-CPDs was performed by aligning laser beams using a full
power 632.8 nm laser source (Melles Griot 05-LHP-991) in combination
with a spectrometer (Princeton Instrument Acton SP2500) and a mi-
croscope (Zeiss Axio Scope. Al). 'H NMR spectra of ssHPA-CPDs were
measured using a Bruker 400 MHz spectrometer (Germany).
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Photoluminescence spectra were acquired with a F-380 spectrofluo-
rometer (China), the fluorescence lifetime was measured using the
Edinburgh FLS980 steady-state/transient fluorescence spectrometer
(UK), while UV-vis absorption spectra were measured using a Shimadzu
UV-1800 spectrophotometer (Japan). X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Thermo Scientific ESCALAB 250Xi
electron spectrometer (USA). The fourier transform infrared (FT-IR)
spectra was obtained by a PerkinElmer Spectrum 100 spectrophotom-
eter (USA). Dynamic light scattering (DLS) and Zeta potential was
measured with a Malvern Zetasizer Nano ZS instrument (UK). Model
dependent fitting and analysis of Small-X-ray scattering (SAXS),
including scattering length density calculation, were performed using
SasView (v.4.1.2). DFT calculation was employed to calculate each
structure which are optimized by the usage of B3LYP-D3 functional
theory with 6-31G(d,p) basis set, and the calculations have been per-
formed using Gaussian 16 program package.

2.5. Fluorescent determination of Fe>* ions

First, the ssHPA-CPDs (from 0.25 to 7.5 mg) were added to 1 mL of
Tris-HCI buffer (pH 7.4, 0.05 M). Then, different concentrations of Fe3t
aqueous solution (100 pL) were added to the above solution (900 pL),
and the fluorescence spectra were recorded after incubation for 1 min.
To investigate the selectivity of ssHPA-CPDs toward Fe>' detection,
different metal ions (Na®, Ca®", Cu?t, Zn?*, Fe?*, Mg?*, Ag?, AI**,
CO%‘, NO3, Cl, SO%‘, POE_ to Fe3*) with a final concentration of 300
pM were added into the standard sample to record the influence
changes.

2.6. Biosafty of the ssHPA-CPDs

2.6.1. Cell cytotoxicity of ssHPA-CPDs

The MTT assay was employed to assess the cytotoxicity of ssHPA-
CPDs on 1929 cells, Caco-2 cells and HepG2 cells. After 24 h of cul-
ture in DMEM (37 °C, 5% COy), cells were plated in 96-well plates and
exposed to different ssHPA-CPDs concentrations (0-1 mg/mL) for
another 24 h. Next, 30 pL of MTT solution (5 mg/mL) was introduced
into each well and incubated for 4 h. The insoluble crystals were sub-
sequently solubilized with DMSO (100 pL/well) and homogenized by
gentle pipetting. The absorbance at 570 nm was recorded to calculate
the relative cell viability by using the formula:

Relative cell viability (%) = (ODgample —
ODbplank) X 100%.

ODbplank) / (ODcontrol —

2.6.2. Hemolytic activity testof ssHPA-CPDs

Red blood cells were collected by centrifuging the blood (1 mL) of
Sprague-Dawley mice (SD, 4-6 week) at 1000 rpm for 5 min and then
washing three times with 0.9% saline solution. The red blood cells were
diluted 20 times before being co-incubated with the same volume of
0.9% saline solution (negative control), distilled water (positive con-
trol), and ssHPA-CPDs samples dissolved by saline solution with
different concentrations (0.2 mg/mL, 0.3 mg/mL, 0.5 mg/mL, 0.75 mg/
mL and 1.0 mg/mL), respectively. After 3 h at 37 °C, the mixture was
centrifuged at 1000 rpm for 10 min, and the obtained supernatants were
taken out for absorbance measurements at 545 nm. Each group was at
least five times repeated. The hemolysis ratios were calculated using the
following formula:

Hemolysis ratio (%) = (ODsample‘ODnegative) / (ODpositive'ODnegative)
x 100%.

2.7. Fluorescent determination of Fe>* ions in real samples

The microwave digestion method was employed to effectively
convert solid food samples into a liquid state and oxidize various forms
of bound iron to Fe>* [27]. Specifically, meat by-products of pig liver,
chicken liver, pig blood, and duck blood were first boiled for 5min. 0.5 g
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of real sample was added to a mixed solution of concentrated nitric acid
(5.0 mL) and 30% H203 (1.0 mL), followed by microwave digestion at
180 °C for 20 min. Subsequently, the digested solution was diluted to a
final volume of 50 mL and adjusted to pH 7.4. For the real samples
detection, 100 pL of diluted digested solution of real samples was
combined with 900 pL of ssHPA-CPDs, incubated at 25 °C for 1 min, and
then the emission spectrum of the solution was recorded under 350 nm
excitation.

3. Results and discussion
3.1. Synthesis of ssHPA-CPDs

First, ssHPAs with flexible S—S bonds were successfully synthesized
via a Michael addition reaction, and the content of S—S bonds was
regulated by adjusting the ratio of monomer to polymerization. By
verified from 'H NMR, the CBA (with S—S bond) content in ssHPAs was
successfully regulated from 0 to 100% (Fig. S1 and Table S1). Subse-
quently, the ssHPA-CPDs were obtained using CA (carbon source, 1.0 g)
and ssHPAs (N/S source, 0.5 g) through the hydrothermal method,
named ssHPAy,-CPDs (x = 0-100). The aqueous solution was chosen as
the solvent because both ssHPA and CA are highly hydrophilic, allowing
homogeneous precursor mixing. The aqueous hydrothermal environ-
ment moderates the carbonization process, promoting nonconjugated
carbonized polymer dot formation and preserving disulfide-containing
functional groups. The S content in ssHPA,-CPDs ranged from 0.11%
to 1.22%, indicating that the adjustment of the precursor material suc-
cessfully modulated the levels of S doping in the ssHPA-CPDs (Table S2).
Besides, the results indicate that as the yield of S atom in ssHPA4¢,-CPDs
increases, the QY also increases from 25.00% to 29.08% (Fig. S2 and
Table S3). Thus, ssHPA;pgy,-CPDs were chosen for further experiment,
and abbreviated as ssHPA-CPDs.

Subsequently, the ssHPA-CPDs synthesized at different reaction
temperatures, heating times, and feed ratios of CA and ssHPAs; gy, Were
measured to optimize the synthesis process. The results indicated that
the emission intensity of the synthesized ssHPA-CPDs slightly increased
with rising reaction temperature, reaching a peak at temperature above
130 °C (Fig. 1A). Besides, when the heating time exceeded 6 h, the
fluorescence intensity of the ssHPA-CPDs plateaued (Fig. 1B). Taking
into account energy efficiency and the fluorescence performance of the
synthesized ssHPA-CPDs, the synthesis conditions were determined as
130 °C and 6 h. Furthermore, the ratio of CA (carbon source, 1.0 g) and
ssHPA100% (N/S source, from 0.04 g to 2.0 g) in the synthesis process of
ssHPA1¢py-CPDs has also been optimized, and designated as ssHPA-
CPDy. The emission intensity varied significantly with changes in
ssHPAjgg, content, with ssHPA-CPD, s displaying the highest PL in-
tensity and ssHPA-CPDy o4 showing the lowest (Fig. 1C). Based on these
results, ssHPA-CPD 5 was selected for further application studies.

3.2. Characterization of ssHPA-CPDs

The morphology and size of the ssHPA-CPDs solutions are chara-
terized by TEM. The results demonstrate that the creation of nearly
monodisperse ssHPA-CPDs, exhibiting diameters ranging from 2.0 to
2.5 nm, which were uniformly distributed in solutions as spherical
particles (Fig. 2, Fig. S3 and S4). HR-TEM images revealed distinct
crystal fringes at a lattice spacing of 0.17-0.18 nm, corresponding to the
diffraction planes of graphite carbon and aligning with the (102) plane
of the graphite lattice, indicating that the ssHPA-CPDs have high crys-
tallinity [28]. DLS analysis revealed that all ssHPA-CPDs formulations,
regardless of the mass of ssHPA-CPDs increase from 0.04 to 2.0 g, the
results exhibit a unimodal size distribution with hydrodynamic di-
ameters centered range from 220 to 280 nm (Fig. S5). The negligible
variation in particle size suggests that the polymer backbone, stabilized
by disulfide crosslinking, reaches a consistent conformational state in
aqueous solution.
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scattering data were minimized using Levenberg—Marquardt nonlinear
least-squares regression. Further estimation of parameter uncertainty
was carried out using the DREAM algorithm (Markov Chain Monte Carlo
sampling). The fitted power-law exponents reflect the morphological
conformity of the ssHPA-CPD,. For ideal spherical particles, s ap-
proaches 1. Besides, Porod_exp reflects the roughness of the interface,
with an ideally smooth interface exhibiting a Porod_exp close to 4. From
ssHPA(y,-CPDg 5 to ssHPA;(gy-CPDg 5, remains nearly unchanged, and
Porod_exp decreases (Fig. 3A and B). The results indicate that the flex-
ibility of ssHPA-CPDs increases with higher disulfide bond content,
resulting in greater surface roughness and a more irregular interface
[29,30].

The degree of graphitization within the ssHPA-CPDy synthesized
with different amounts of ssHPApoy was determined using Raman
spectroscopy. The intensity ratio of the D band to the G band (Ip/Ig)
serves as a semi-quantitative indicator of the point defect density in the
graphite structure. A higher Ip/Ig ratio suggests an increased number of
defects or a more disordered arrangement within the carbon material.
The results show that as the content of ssHPA g, increases, the D band
gradually increases, while the G band nearly vanishes (Fig. 3C). This
indicates a transition from a phase dominated by larger sp? aromatic
domains with few defects to one with more numerous sp> defects, ulti-
mately leading to a more disordered phase of ssHPA-CPDy [31]. The FT-
IR spectroscopy (Fig. 3D) revealed characteristic absorption bands for
the ssHPA-CPDy, including -OH and -NH stretching vibrations at
3200-3700 cm ™!, C=0 stretching vibration at 1700 cm ™!, C=N and C-
0/C-N stretching vibration at 1630 and 1150 cm™'. Additionally, the
peak at 600 cm ! verifies the disulfide bonds formed from the reactant
ssHPA [32,33].

By analyzing the entire XPS spectrum of ssHPA-CPDy, the signals at
531.9 eV (01s), 399.7 eV (N1s), 284.8 eV (Cls), and 163.3 eV (S2p) are
observed (Fig. 3E). With the increasing concentration of the ssHPA; oo,
the N and S contents in the ssHPA-CPDx notably elevated, ranging from
5.48% to 14.4% for N atom and from 0.30% to 1.93% for S atom (Fig. 3F
and Table S4).

Besides, the N1s spectrum reveals that the ssHPA-CPDy consist of
graphitic nitrogen (~400.7 eV), pyrrolic nitrogen (~400.1 eV), and
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pyridinic nitrogen (~398.5 eV) species (Fig. 4 and Table S6) [34,35].
Spectral analysis indicated that graphitic nitrogen in ssHPA-CPDg s
constitutes the majority (82.22%) of the total N signal, with pyrrolic
nitrogen contributing 16.11%. However, at very high or low ssHPA; g9,
concentrations, non-aromatic sp3-hybridized spacers, which do not
form additional aromatic domains, became prevalent. Under these
conditions, N predominantly remained in pyrrolic configurations. The
high-resolution S2p spectrum indicates that the ssHPA-CPDy contain -S-
S- (~164.0 eV), thiophenone/thiazole (~164.4 eV) and -C-S- (~163.5
eV) (Fig. S5 and Table S6) [36]. The highest content of thiophenone/
thiazole is found in ssHPA-CPD 5, accounting for 24.73% of the total S
signal.

The cytotoxicity of ssHPA-CPDy 5 was evaluated through standard
MTT assay using L929 cells, Caco-2 cells and HepG2 cells. Results
revealed that cell viability remained above 80% when ssHPA-CPDg 5
concentration reached 0.5 mg/mL (Fig. S7A-S7C). According to ISO
10993-5 criteria, materials are considered non-cytotoxic when relative
cell viability maintains >70% of the blank control group. In the hemo-
lytic activity assay, water and normal saline (ns) were used as positive
and negative controls (Fig. S7B). After 4 h of incubation with red blood
cells, the hemolysis ratios of ssHPA-CPDg 5 concentrations within 0.5
mg/mL complies with the ASTM standard (<5%). These results
demonstrate that ssHPA-CPDs exhibit low cytotoxicity and excellent
blood compatibility, confirming the applicability for food component
detection.

3.3. Optical properties of ssHPA-CPDs

The absorption spectra reveal that all prepared ssHPA-CPDy exhibit a
prominent band around 250 nm, due to the n-n* transition in the aro-
matic hydrocarbon domains (Fig. 5A). Additionally, the short-
wavelength features may arise from the absorption of ¢ bonds and in-
dividual aromatic rings, consistent with the phenomenon observed by
Bhattacharyya, et al. [21]. The n-n* electronic transitions of the conju-
gated C—=0 and C—=N groups are associated with the absorption peak at
about 360 nm, and a weak shoulder at longer wavelengths (~ 600 nm)
was attributed to the conjugated C=S bonding.
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The optical properties of ssHPA-CPDy were measured to investigate
their relationship with the N and S doping levels. All samples exhibited
similar PL spectra, with the emission peak located at 465 nm and a half-
peak width of approximately 95 nm under the optimal excitation
wavelength of 370 nm (Fig. 5B, Fig. S8). Furthermore, a plot shows the
relationship between the excitation wavelength and emission peak po-
sition for ssHPA-CPDy 5. Within the range of 330-480 nm, the emission
peak exhibits a red shift as the excitation wavelength increases, con-
firming its excitation wavelength-dependent behavior (Fig. 5C). The
fluorescence lifetime were calculated for ssHPA-CPDg o4 (71 = 10.70 ns)
to ssHPA-CPDy (77 = 9.58 ns), with ssHPA-CPD s exhibiting the
longest fluorescence lifetime at 10.86 ns when monitored at 465 nm
(Fig. 5D, Fig. S9 and Table S7).

Furthermore, the emission intensity of the ssHPA-CPDy at different
concentrations was measured to calculate QY, using quinine sulfate as a
standard (Fig. S10). When the amount of ssHPA1¢y, added during the
reaction reached 0.5 g, the QY of ssHPA-CPD 5 reached a maximum
value (29.08%), which is higher than that of CPDs prepared from
commercial branched PEI without S—S bonds (8%). The results indicate
that the strategy of doping S through introducing flexible S—S bonds
significantly enhances the QY. Additionally, the results suggest that the
QY of ssHPA-CPDs is also correlated with the amount of graphitic N and
thiophene/thiazole S in the surface states and the carbon core, as sup-
ported by XPS data, which is consistent with the findings reported by
Bhattacharyya, et al. [21] (Fig. 5E and F).

Three models of ssHPA-CPDs featuring a 150-atom hexacyclic aro-
matic architecture were constructed using DFT. The electron density and
molecular orbitals indicated that ssHPA-CPDy 5 exhibited the highest
band gap of 1.08 eV. The reason can be attributed to the contribution of
lone pair electrons from N or S atoms to the highest occupied molecular
orbital (HOMO) of the CPDs. Additionally, graphite N embedded in the
graphene lattice minimally disrupts conjugation structure, while serving
as an effective electron donor, also increasing the band gap. However, a
reduced band gap (0.69 eV) of ssHPA-CPD, o appears, as excessive N
doping disrupts the sp? conjugated structure of CPDs, introducing more

defects, distortions, and amorphous regions (Fig. S11). Although an
increased band gap would typically induce a blue shift of fluorescence
emission, the emission wavelengths of ssHPA-CPDs show minimal
variation. This observation suggests that the PL mechanism in these
CPDs is not solely governed by the HOMO-LUMO transition, but may
also involve fluorescent moieties (e.g., C—=0 and C—=N groups) present
in partially carbonized polymer segments.

Additionally, the fluorescence properties of ssHPA-CPDy 5 stored at a
4 °C refrigerator were monitored over 30 days, and the fluorescence
intensity remained stable throughout the duration, with no notable
quenching or enhancement, as illustrated in Fig. S12. Meanwhile, the
fluorescence intensity of ssHPA-CPDg 5 under continuous excitation has
been measured at multiple time points. The results indicate that the
fluorescence intensity of ssHPA-CPDg 5 keep stable during the contin-
uous excitation in 120 min, it remains at a high level (Fig. S13). The
above results demonstrate the excellent fluorescence stability of the
ssHPA-CPDs sensors.

3.4. Fe®* sensing properties of ssHPA-CPDs

As a Fe®'-responsive fluorescent sensor, the emission intensity of
ssHPA-CPDg 5 significantly decreased after reacting with Fe3* ions,
demonstrating the feasibility of using ssHPA-CPDs (Fig. 6A). To deter-
mine the optimal detection conditions for the fluorescent sensor, the
effects of pH values, solvent system and probe concentrations on the
quenching efficiency (F—Fg)/F, of ssHPA-CPDs after reacting with Fe3*
ions were studied. The results show that the fluorescence of ssHPA-
CPDy 5 remained stable within pH 3 to 11, with minimal variation in
Fe3* jons quenching efficiency (Fig. 6B). Considering physiological
relevance and enhancing the practical applicability of the probe, pH 7.4
was selected. As shown in Fig. S13, the fluorescent spectrum and
quenching efficiency almost the same both in pure water and Tris-HCl
(pH 7.4) buffer. Within a certain range, a higher concentration of
ssHPA-CPDg 5 solution results in stronger fluorescence intensity
(Fig. 6C), while the quenching efficiency of Fe®' ions gradually



X. Tian et al.
(A) (B) 10000
800 —— sSHPA-CPD, ¢ 0.6
= sSHPA-CPD, +Fe — @-.9-°9-.5--2-3-9.-0--0
Z o000 g 0.5
= . 6000 o-d .
] g $ T gee o 3 B
£ 4000 5 ° o 0.4
] = 4000
- |
-
=
2000 =
2000 0.3
b/ 0 . . . . 0.2
400 450 500 550 600 650 2 W T 3 10 1
Wavelength (nm) pH
(E) . (F)
Fe* / uM
8000 ol 1.04
—0 F/F=0.97732-0.00144¢
= is =0.990
& 6000 B 0.3
& ——80 <
Z 100 oy
3 4000 ——200 0.6
= —300 F/F ~0.71886-0.00051¢
2 ——400 >
2000 e 041
——1000
3
" . 0.2
400 450 500 550 600 650 0 200 400 600 800 1000

Concentration (uM)

‘Wavelength (nm)

fouaroyys Suryouangy

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 358 (2026) 127837

© —0.6 (D) oo
8000 LT 3 Blank % bk
. et s00] _swo]
3 ql @ 10.5 o 2
260001 g : g :
> JoaZ Z7000 Eoml
z 5 Z = i
4000 e 8 el [ T P
E ] E 6000 ll' 1 F 3 3 4 ]
B 5. “E R Time (min)
2000_ ¢ 0 T¥eeal 5 3 : )
©s000 A
q0.2 6&0"5-40'--0---3--.9.--0
0 —

0 5 10 15 20 25 30

1 2 3 4 5 6 . .
Concentration (mg/mL) Time (min)

(G) 8000 (H)

[ICPD+ons []CPD+lons+Fe*" 1.0

7000

: 6000

Fy/F

5000

FL Intensity (a.u.)

&
g
8
g

3000

2000 A A L L

Fe¥  AA  Fe¥ AA  Fe* AA Fe¥

Fig. 6. (A) Fluorescence response of ssHPA-CPDy 5 to Fe3t, optimization of detection conditions, (B) pH of the detection system, (C) concentration of ssHPA-CPDy s,
(D) detection time, (E) different concentrations of Fe>*, (F) linear relationship between the concentration of Fe>" and the relative fluorescence intensity (F/Fy) of
ssHPA-CPDy s, (G) selectivity and anti-interference of ssHPA-CPD 5 for different analytes (blue bars represent the response of ssHPA-CPDy 5 to different substances,
while the red bars represent the response of ssHPA-CPDy s to different substances in the presence of Fe>*, (H) fluorescence intensity changes of ssHPA-CPD, s after the
addition of Fe** (300 uM) and AA (1 mM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

decreases. Thus, 0.5 mg/mL of ssHPA-CPD 5 was selected as the optimal
concentration. Subsequently, the response characteristics of ssHPA
,-CPDs with different S—S contents to Fe>" ions were also investigated
(Fig. S14). The results demonstrated that ssHPA0ge-CPDs exhibited the
most pronounced fluorescence response to Fe>" ions, indicating that S
atom incorporation not only modulated the PL properties of the CPDs
but also enhanced their binding affinity for Fe>" ions. Furthermore,
Fig. 6D illustrates the changes in the fluorescent response of the ssHPA-
CPDg 5 over time after reacting with Fe3*. The results indicate that the
fluorescence quenching behavior is rapidly completed within 1 min and
remains stable for at least 30 min.

Under optimal detection conditions, the changes in emission in-
tensity of ssHPA-CPDy 5 after responsing of Fe3* ions were measured.
The results show that the emission of ssHPA-CPDy 5 gradually decreased
with the increasing concentration of Fe®" ions (Fig. 6E). The limit of
detection (LOD) is calculated as 0.07 pM according to the LOD =
30/slope, where o is the standard deviation of 20 samples, and slope is
obtained from the calibration curve (Table S8). As shown in Fig. 6F, the
F/Fy values exhibita a biphasic linear response, a low-concentration
segment from 0 to 300 pM and a high-concentration segment from
300 to 1000 pM with R? all above 0.99. This broad linear range of
0-1000 pM encompasses nutritional (11-27 pM), clinical (>30 pM), and
toxicologically (>440 pM) relevant iron concentrations [37,38].
Compared to other methods for detecting Fe>* ions, this method offers a
relatively wide detection range (0-1000 pM), a lower detection limit
(0.07 pM), and a higher quantum yield (29.08%) (Table S9).

In addition, the interference of other interfering substances,
including Na*, Caz+, Cu2+, Zn2+, Fe2+, Mg2+, Agt, Al3+, CO%’, NOs3,
Cl-, SO37, PO3~, AA, and citrate to Fe>* ions was measured. The
interfering substances were separately mixed with the ssHPA-CPDg s,
with a final concentration of 300 pM for each. The results indicate that
the emission of the ssHPA-CPDy 5 remained unaffected by these sub-
stances. The mixture of ssHPA-CPDy 5 with interfering substances was
also tested to assess their potential interference in Fe>* jon detection.
With the exception of AA, the presence of other coexisting substances
did not significantly interfere with the Fe®" induced fluorescence
quenching of ssHPA-CPDy 5 (Fig. 6G). This underscores the exceptional
selectivity of the ssHPA-CPDs for Fe>* ion detection over other typical
inorganic ions. However, The addition of AA markedly suppressed the
fluorescence quenching effect of Fe3* on ssHPA-CPDg 5, which can be
attributed to its ability to reduce Fe*' to Fe>™ [39]. Therefore, the

recyclability of ssHPA-CPDs was confirmed by adding AA into the
sSHPA-CPDg 5/Fe>* complex. Specifically, the fluorescence intensity
decreases sharply upon adding Fe>" ions, and reaches equilibrium
within 1 min. Furthermore, the fluorescence intensity could be restored
approximately 1 min after the addition of an AA solution, with relative
standard deviations (RSD) about 0.42% across cycles. Over three cycles
of adding Fe>*/AA, the fluorescence intensity demonstrated excellent
recyclability (Fig. 6H). Notably, three independently synthesized
batches of ssHPA-CPD( 5 were prepared under identical conditions and
tested for their fluorescence response toward Fe®* (300 pM). The results
showed the fluorescent signals with RSD below 5% across batches
(Fig. S15).

3.5. Fe®' sensing mechanism of ssHPA-CPDs

To further understand the mechanism of fluorescence quenching of
ssHPA-CPDg 5 induced by Fe3t, the ¢ potential of ssHPA-CPDs was
evaluated. As depicted in Fig. 7A, the { potential increased from 1.18 mV
to 22.50 mV following the interaction with Fe3" ions, confirming the
coordination interaction between Fe>* jons and the -OH, -COOH, and
-NH; groups of the ssHPA-CPDg 5 [40]. Additionally, the fluorescence
lifetime of the ssHPA-CPD 5 was measured in the presence and absence
of Fe®" ions (Fig. 7B). The results show that the fluorescence lifetime
remains nearly unchanged before and after incubation with Fe3*, which
is the direct indicator of static quenching. Meanwhile, the UV-Vis ab-
sorption spectrum of ssHPA-CPDy 5 also shows significant changes at an
Fe3" concentration of 1000 pM. Moreover, precipitation occurs only
when the Fe>* ions are present in large excess (>2000 pM), which
further substantiates the complex formation due to the specific coordi-
nation interactions between Fe>* and the carboxyl and amino functional
groups on the surface of ssHPA-CPDs (Fig. 7C). The formation of non-
fluorescent complexes between fluorophores and Fe>* in the ground
state doesn't alter the fluorescence lifetime of uncomplexed fluorophores
but induces significant changes in the absorption spectrum, which
confirming that the quenching process is static [41]. Moreover, a partial
overlap between the absorption spectrum of Fe3* and the excitation
spectrum of ssHPA-CPDs was observed, indicating that the inner filter
effect may contribute to the fluorescence quenching process (Fig. S16).
The increase in thiol content after Fe>* ion interaction suggests that the
oxidative nature of Fe>™ may cause structural fragmentation of the
ssHPA-CPDy s, facilitating complex formation (Fig. S17).
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3.6. Analysis of real samples

The Fe element is rich in liver and blood, which have the benefits of
replenishing energy and calming the mind. The Fe content in liver and
blood also represents an important indicator of metabolic diseases
[42,43]. Therefore, the rapid and accurate quantification of Fe content
in liver and blood samples is of great necessity.

By using microwave digestion, the Fe element in actual samples of
blood and liver can be oxidised to Fe (III), enabling the ssHPA-CPDs to
detect the total Fe levels, which can be detected reliably and stably
through ssHPA-CPDgs. The measured contents of Fet in pig liver,
chicken liver, duck blood, and pig blood were 18.12, 18.52, 21.64, and
21.90 mg/100 g (wet weight), respectively. The Fe(IIl) contents deter-
mined in animal liver and blood products are within the range reported
in previous studies (typically 15-30 mg/100 g) [44,45], indicating the
biological relevance and practical applicability of the proposed sensing
strategy. As shown in Table 1, the method demonstrated good recovery
rates (ranging from 87.47% to 106.01%) and low relative standard de-
viations (< 3.5%) (n = 3). In addition, the results obtained by the pro-
posed method were compared with those measured by inductively
coupled plasma mass spectrometry (ICP-MS) as a reference method. The
absolute deviations between the two methods below 1.8 mg/100 g,
corresponding to relative deviations within 8%. The recovery rates ob-
tained by ICP-MS ranged from 96.09% to 109.24%, which are

comparable to the method of ssHPA-CPDy 5. These findings indicate that
ssHPA-CPDy 5 provides analytical performance equivalent to that of ICP-
MS, while offering advantages such as simplicity and rapidity for routine
iron monitoring in food samples.

4. Conclusion

A flexible disulfide-bridged hyperbranched poly(amido amine)s
based nonconjugated carbonized polymer dots was successfully syn-
thesized. The incorporation of disulfide bonds into the ssHPA-CPDs
varies depending on the precursor of ssHPA present during synthesis.
When the mass ratio of ssHPA-CPDs/citric acid is 0.5, graphite nitrogen
and thiophenone/thiazole sulfur in ssHPA-CPDg 5 occupy a dominant
position, with a higher quantum yield (29.08%), along with the doping
ratios of nitrogen and sulfur are 10.13% and 1.22%, respectively. The
flexibility of ssHPA-CPDs increases with higher disulfide bond content,
resulting in greater surface roughness and a more irregular interface.
The obtained ssHPA-CPDs were characteristic of Fe3+—responsive fluo-
rescence emission. The Fe>" concentration exhibited a good linear
relationship with the fluorescence ratio (Fo/F) of the ssHPA-CPDs,
achieving a LOD of 0.07 pM. This method offers a rapid (1 min), accu-
rate (R2 = 0.99), and low-cost detection approach for detecting Fe
content in liver and blood samples with good recovery rates (87.47%—
106.01%), reproducibility (RSD < 3.5%) , and recyclability (~5 times).

Table 1
Detection of Fe®>" in real samples.
Method Sample Found/(mg/100 g) Added/(mg/100 g) Found/(mg/100 g) Recovery/% RSD/%
10.0 27.67 £ 0.13 98.21 0.47
pig liver 18.12 + 0.24 20.0 35.57 +1.13 93.07 3.17
30.0 44.43 +1.28 92.05 2.9
10.0 30.28 + 0.10 106.01 0.34
chicken liver 18.52 + 0.15 20.0 34.77 + 1.03 90.04 2.98
30.0 49.67 +1.10 102.08 2.21
ssHPA-CPDoss 10.0 29.53 + 0.05 93.2 0.16
pig blood 21.64 + 0.42 20.0 36.51 + 0.96 87.47 2.64
30.0 51.23 + 1.24 98.93 2.42
10.0 33.35+0.14 104.39 0.43
duck blood 21.90 + 0.45 20.0 40.87 + 0.94 97.30 2.31
30.0 46.20 + 0.77 88.76 1.67
10.0 30.57 + 0.31 106.77 1.01
pig liver 19.54 + 0.35 20.0 41.23 +1.21 105.61 2.93
30.0 52.89 + 1.45 109.24 2.74
10.0 27.98 + 0.19 99.12 0.68
chicken liver 18.23 + 0.22 20.0 37.45 +0.78 97.45 2.08
30.0 47.89 + 1.05 99.30 2.19
ICP-Ms 10.0 30.67 + 0.23 98.56 0.75
pig blood 21.12 +£ 0.38 20.0 39.89 + 0.88 96.09 2.21
30.0 49.34 +1.15 96.53 2.33
10.0 31.23 +0.18 99.30 0.58
duck blood 23.78 + 0.52 20.0 40.67 + 0.82 97.65 2.02
30.0 50.12 + 1.08 97.42 2.16
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This work introduces a new strategy to modulate the backbone flexi-
bility by controllably introducing disulfide bonds into hyperbranched
polymers for Fe (III) detection. Combined with a fluorescence-based
backpropagation neural network model, an accuracy rate of 100% was
achieved, offering a promising approach for monitoring Fe (II) in the

food analysis and biomedical field.
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