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Three kinds of carbonized polymer dots (CPDs) with yellow, orange, 

and red fluorescence were synthesized under moderate conditions by 

tuning precursor structures. Unlike conventional silk dyeing 

processes that require mordants, fixing agents, or additional chemical 

grafting, these CPDs enable one-step simultaneous fluorescent dyeing 

and antibacterial functionalization of natural silk. The dyeing is 

achieved via simple aqueous immersion at room temperature, being 

compatible with the delicate silk fibers. These CPDs exhibited 

enhanced fluorescence emission in confined microenvironment, and 

were applied to dye natural silk fabrics directly, yielding multi-color 

fluorescent textiles with high retention rates (maximum 95 % for 

CPDs-3). Among them, the red fluorescent CPDs-3 could eradicate 

nearly 100 % of Staphylococcus aureus at a very low concentration of 

50 μg/mL, retaining strong antibacterial activity on dyed silk. The silk 

stained with such CPDs were used as surgical sutures, which 
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The natural mulberry silk, due to its unique mechanical properties and excellent biocompatibility, has been 

used widely in biomedical fields including surgical sutures, wound dressings, and vascular stents [1–3]. 

Staphylococcus aureus (S. aureus), a prevalent wound pathogen, induces inflammation and causes persistent 

infection, delayed healing, and systemic complications [4]. Native silk fibroin lacks intrinsic antibacterial activity 

against S. aureus and spontaneous fluorescence, thereby requiring both antibacterial and fluorescent 

modification for practical biomedical applications [5–7]. To expand the functional versatility of silk fibroin 

materials, various functionalization strategies have been developed in recent years. One strategy focuses on the 

modification of pristine silk fibers, such as feeding silkworms with carbon dots/polymer dots to prepare 

fluorescent silk [8], or covalently grafting AIEgens onto silk fibers via click bioconjugation [9]. The other route 

relies on dissolving silk fibroin to fabricate regenerated materials including composite films, hydrogels, and 

multifunctional interfacial materials [10,11]. Such systems exhibit multi-signal responsiveness, self-healing, and 

self-adhesion properties, showing great potential in functional optical materials [12]. The former introduces 

specific single function on pristine silk fibers, while the latter achieves multi-functional integration via protein 

structural reconstruction. Therefore, achieving one-step integration of fluorescent and antibacterial functions 

while preserving the fiber morphology and intrinsic hierarchical structure of natural silk remains a challenge 

and worthy of exploration. Compared with the relatively low doping content of the silkworm-feeding strategy, 

direct aqueous dyeing of silk fibers is a facile and efficient alternative [13]. However, traditional fluorescent dyes 

and antibacterial agents require mordants, fixatives, low pH environments, and high-temperature treatment 

during modification, which inevitably damages the delicate structure of silk fibers and impairs their softness 

and mechanical toughness [14–16]. Furthermore, the stepwise modification processes tend to mutually 

interfere, weakening both fluorescent and antibacterial functions [17,18]. Therefore, it is necessary to develop 

a versatile dyeing agent with intrinsic luminescent and antibacterial properties that can tightly adhere to silk 

under mild conditions.  

Carbonized polymer dots (CPDs) are a class of carbon-based nanoparticles with typical diameters of 1–10 nm, 

exhibiting excellent photoluminescence and biocompatibility [19]. Compared with highly graphitized carbon 

dots, CPDs synthesized from small-molecule precursors under mild conditions generally show lower 

carbonization degrees [20,21]. Their photoluminescence is predominantly governed by molecular-state 

emitters rather than well-developed carbon cores, which endows them with controllable surface states and 

displayed the precise positions of the sutures through its bright red 

fluorescence. 

                  



tunable fluorescence emission [22,23]. The precursor-dependent fluorescence performance and facile, rapid 

synthesis route endow CPDs with broad application prospects in lighting devices, fluorescent probes and 

biomedical fields [24]. Some CPDs possess inherent bioactivities, including favorable antibacterial, antioxidant, 

and anti-inflammatory capabilities [25–27]. Hence, it is feasible to fabricate CPDs with tailored surface states 

for tight binding to silk fibers, as well as tunable fluorescence and excellent antibacterial performance. However, 

related studies on fluorescent CPDs-dyed silk remain scarce, because typical CPDs generally exhibit low 

retention rates on silks after washing. Therefore, the fabrication of CPDs that integrate high fluorescence 

efficiency, robust antibacterial activity, and excellent dyeing fastness remains a considerable challenge.  

In this study, four antibacterial organic conjugated molecules (Fig. 1, a1, a2, b1, b2) [28,29] were selected as 

precursors to fabricate CPDs via overnight heating in deionized water at 85 °C (detailed experimental methods 

are provided in Supporting information). The obtained CPDs-1, CPDs-2, and CPDs-3 emit brightly yellow, orange, 

and red fluorescence in viscous solvents like glycerol, respectively. More importantly, these hydrophobic 

precursors were transformed into CPDs with better water solubility and high adhesion to the natural silk. And 

their antibacterial abilities against S. aureus are much stronger than the precursors. After simple immersion in 

CPDs aqueous solutions, the silk fabrics were dyed stably, and exhibited bright colors in daylight and multi-

colorful fluorescence under UV light respectively. CPDs-3 exhibits the best inhibitory effect against S. aureus, and 

this effect is inherited by the CPDs-3 stained silk. Using CPDs, one-step fluorescent staining and anti-S. aureus 

modification of silk are achieved via room-temperature aqueous immersion. The modified silk can be applied as 

surgical sutures, whose fluorescence allowed for the precise localization and visualization of the sutures on pig 

liver tissue and full-thickness skin wounds on black mice.  

It is known that aromatic precursors can construct strongly fluorescent CPDs, particularly in the long-

wavelength regions [30,31]. In the present work, salicylaldehyde derivatives (a1, a2) and indolium salts (b1, b2) 

were selected as precursors to produce CPDs with tunable fluorescence by adjusting the conjugated structure 

(Fig. 1) [32]. Since salicylaldehyde derivatives have intrinsic antibacterial activity against S. aureus, whose 

combination with indolium salts can produce CPDs with significant antibacterial performance toward S. aureus 

[33]. The formation processes for these CPDs are similar to those in previous reports [34,35], i.e., phenolic 

hydroxyl groups can be oxidized by air to generate phenoxy radicals, which may polymerize to form polyphenol 

nanoparticles. Specifically, the reaction procedure may include the formation of aromatic fluorescent molecular 

intermediate from the precursors, localized condensation of these molecules to form conjugated aromatic 

clusters [36], and aggregation of these clusters driven by noncovalent interactions (π–π stacking and hydrogen 

bonding), leading to nanoscale assemblies [37,38]. It has been reported that, even at room temperature in air, 

                  



aromatic-ring precursors are capable of forming CPDs with partially carbonized structures [39–41]. The 

obtained CPDs are a hybrid system composed of molecular emissive centers, conjugated clusters and assembled 

architectures, stabilized through covalent linking and noncovalent interactions. With respect to our present 

samples, compared with CPDs-1, the conjugation degree of CPDs-2 is enhanced by replacing the indole ring with 

a benzo-indole ring in indolium salt precursors (from b1 to b2, with a1 unchanged); compared with CPDs-2, the 

conjugation degree is further enhanced by substituting the hydroxyl group at the 4-position on salicylaldehyde 

derivatives with a diethylamino group (a stronger electron-donating group, from a1 to a2, with b2 unchanged) 

[32]. Accordingly, the emission wavelengths of these CPDs are progressively redshifted. Although the as-

prepared CPDs are dark powders with no fluorescence under UV light (Fig. S1 in Supporting information), their 

solutions in glycerol exhibit bright colors in daylight and tunable fluorescence under UV light (Fig. S2 in 

Supporting information). Synthetic reproducibility was evaluated by three parallel experiments, and the isolated 

product masses as well as average yields are listed in Table S1 (Supporting information). The average isolated 

yields of CPDs-1, CPDs-2 and CPDs-3 were determined to be 21.9 % ± 3.8 %, 45.6 % ± 8.0 % and 36.1 % ± 5.0 %, 

respectively.  

 

Fig. 1 Schematic illustration of the synthesis of CPDs-1–3 using different combinations of precursors (a1, a2, 

b1, b2). a1: 2,4-Dihydroxybenzaldehyde; a2: 4-Diethylaminosalicylaldehyde; b1: 1,2,3,3-Tetramethyl-3H-

indolium iodide; b2: 1,1,2,3-Tetramethyl-1H-benzo[e]indolium iodide. The resulting CPDs show tunable 

fluorescence colors in glycerol under UV light, respectively. 

The transmission electron microscopy (TEM) images (Figs. 2a–c) reveal that the as-prepared CPDs are 

monodispersed spherical nanoparticles, with weak lattice fringes of approximately 0.21 nm assigned to the (100) 

plane of graphitic carbon in their partially carbonized-like structure [42,43]. Particle size analyses (Fig. S3 in 

Supporting information) reveal that the three samples have average diameters of about 5.7, 5.5, and 7.5 nm, 

                  



respectively. The FTIR spectra of CPDs and their precursors are compared in Figs. 2d–f. The fingerprint region 

(500–1500 cm⁻1, highlighted by the shaded area and green dashed box) of the precursors (a1, a2, b1, b2) shows 

well-resolved peaks, which become broadened and less-resolved in CPDs, indicating a structural transition from 

discrete small molecules to hybrid carbon nanostructures with diverse chemical environments [44]. Meanwhile, 

the aromatic C–H out-of-plane bending vibration of the indolium salt (b1, b2) at ~750 cm⁻1 (green arrows) 

decays or disappears in all three CPDs. The CPDs display a broad absorption band at 3200–3500 cm⁻1 assigned 

to O–H/N–H (the existing -OH/-NH-marked by orange arrows). The signals at about 1600 cm⁻1 and 1200–1300 

cm⁻1 correspond to the conjugated C=C/C=N structures and the C–O–C vibrations, respectively [29]. These 

results verify the covalent coupling of aromatic rings and the extension of conjugated skeletons, further 

demonstrating that the CPDs are not simple aggregates of small molecules [45]. Notably, CPDs-1 and CPDs-2 

exhibit stronger O–H/N–H signals compared with CPDs-3, consistent with the higher hydrophilicity of precursor 

a1 relative to a2, and the correspondingly reduced water dispersibility of CPDs-3. All three samples show a 

broad XRD peak at 20°–25° (2θ) (Fig. 2g), indicating predominantly amorphous structures [46]. Raman spectra 

(Fig. 2h) show broad D (1350 cm⁻1, disordered carbon) and G (1580 cm⁻¹, graphited carbon) bands, indicating 

the presence of a large amount of amorphous carbon. The G band of CPDs is usually attributed to the conjugated 

aromatic clusters and partially carbonized structure, rather than a well-defined graphitic core, and the 

decreasing ID/IG ratio suggests the enhanced conjugation [47]. XPS full spectra (Fig. 2i) reveal that these CPDs 

are composed of C, N, and O elements, with C being the most abundant and N being the least. In the fine spectra 

(Fig. S4 in Supporting information), the C, N, and O peaks are deconvoluted respectively, confirming the existence 

of -C–C/C=C (285 eV), C–O–C/C–N (286 eV), O–C=O (289 eV), C–N/C=N (400 eV), N–O/N+ (403 eV), C=O (532 

eV), and C–O–C (533 eV) [23,48]. The contents of each peak are listed in Table S2 (Supporting information). The 

high-resolution C 1s spectra confirm the coexistence of sp2 and sp3 hybridized carbon. With the increased 

proportion of surface C–O/C–N and N⁺, the conjugation structure of CPDs is enlarged, the charge transfer is 

enhanced, and the excited state energy is decreased, leading to red-shift of fluorescence emission [34]. 

                  



 

Fig. 2 TEM images and the inset HRTEM images of (a) CPDs-1, (b) CPDs-2 and (c) CPDs-3, respectively. (d–f) 

FTIR spectra of the precursors and corresponding CPDs. The shaded area with green dashed box highlights the 

fingerprint region (1500–500 cm-1) of the precursors; green and orange arrows indicate characteristic peaks of 

the precursors and CPDs, respectively. (g) X-ray diffraction (XRD) patterns of CPDs. (h) Raman spectra of the 

CPDs, with the intensity ratios of the D/G peak (ID/IG). (i) Wide-scan XPS spectra of CPDs, respectively.  

The absorption spectra of CPDs in Fig. S5 (Supporting information) show peaks in 200–300 nm are mainly 

attributed to π → π* transitions of aromatic sp2 domains. The peaks in 400–600 nm are attributed to the 

fluorescent groups, and their red-shifts are consistent with the fluorescent behaviors [49]. The fluorescence 

emission spectra (Figs. 3a–c) indicate CPDs have excitation-independent fluorescence emission peaks, with the 

maximum intensities at around 565 nm for CPDs-1, 585 nm for CPDs-2 and 605 nm for CPDs-3, respectively. Fig. 

S2 reveals that the glycerol solutions of these CPDs appear orange-red in daylight and exhibit yellow, orange, 

and red fluorescence under UV light, in accord with their absorption and emission spectra. The above results 

indicate that the fluorescence of CPDs is gradually red-shifted with the increased conjugation of precursors. Fig. 

S6 (Supporting information) displays UV-vis and fluorescence spectra of products from four single precursors. 

All differ from CPDs, verifying the formation of new materials. Moreover, the excitation-independent emission 

behaviors of our CPDs suggest that their luminescence mechanism is likely molecular-state emission [50,51]. 

Since the molecular-state emission can be effectively enhanced via hydrogen-bonding rigidification and 

restriction of intramolecular motions (RIM) [52], a high-viscosity solvent with abundant hydroxyl groups and 

moderate non-polarity can construct a hydrogen-bond crosslinked rigid microenvironment to suppress the 

intramolecular motions of organic fluorophores in CPDs and improve their fluorescence [53]. As a result, the 

fluorescence of our CPDs in water is weak, while their glycerol solutions show very strong emission.  

                  



Such solvent-dependent fluorescence phenomena are investigated in detail (Figs. 3d–f). Under the optimal 

excitation wavelengths, the fluorescence intensities of all samples increase with the glycerol content, till the 

maxima in the pure glycerol. Figs. 3g–i show dark-field images of the above samples at the same concentrations 

under UV light, consistent with the spectral results. Fluorescence spectra of CPDs samples dispersed in 50 % 

glycerol medium were measured at 5, 25, and 80 °C, respectively. As shown in Fig. S7 (Supporting information), 

PL intensity of CPDs-1–3 decrease with increasing temperature. To further decouple the coupled effects of 

solvent polarity, viscosity, and hydrogen-bonding capacity, fluorescence spectra of CPDs in nine solvents were 

measured under identical conditions, with related physicochemical parameters summarized in Table S3 

(Supporting information). CPDs exhibited weak fluorescence in low-viscosity solvents with wide polarity ranges 

(1,4-dioxane, DMSO, formamide and water), indicating that polarity is not the dominant factor for fluorescence 

enhancement (Fig. S8 in Supporting information). In contrast, CPDs displayed significantly enhanced 

fluorescence in high-viscosity polyol solvents (EG, DEG, TEG, PEG300) with similar polarity and strong capability 

to form hydrogen-bonding networks. From EG to PEG300 with equivalent hydrogen-bonding confinement 

capacity, the FL intensity steadily increases with elevated viscosity, confirming that higher viscosity dominates 

the fluorescence enhancement under stable hydrogen-bonding networks. Based on the above results, the CPDs 

are speculated to consist of partially carbonized cores, polymerized aromatic clusters, and abundant surface 

functional groups (-OH, -COOH, -NR₂, etc.). Quaternary ammonium fluorophores are located in CPDs, for the N+ 

signals are observed in the high-resolution XPS N 1s spectra of all CPDs. When the CPDs are surrounded in a 

dense viscous solvent with strong hydrogen-bonding interactions (e.g., in glycerol), the intramolecular rotation 

and vibration of the fluorophores are effectively restricted, non-radiative decay pathways are suppressed, and 

thus the fluorescence emission is significantly enhanced [54]. The sequentially increased fluorescence intensity 

from DMSO to EG and PEG demonstrates that hydrogen-bonding confinement and high viscosity synergistically 

construct rigid microenvironments to boost CPDs fluorescence via the RIM mechanism, whereas solvent polarity 

plays a minor role.  

To further verify the RIM mechanism, fluorescence lifetime and relative fluorescence quantum yield (RFQY) 

of CPDs in water and glycerol were measured. As shown in Table S4 and Figs. S9a–c (Supporting information), 

CPDs in water exhibited picosecond-scale lifetimes with unsatisfactory fitting results (χ2 > 1.4), while CPDs in 

glycerol presented valid lifetimes of 1.13–2.06 ns within the typical range for molecular-state emissive CPDs (χ2 

≤ 1.2) [55]. The RFQY results are summarized in Figs. S9d–f and Table S5 (Supporting information), and the 

intuitive bar graphs in Fig. S10 (Supporting information) demonstrate that the quantum yields of all CPDs in 

glycerol are over ten-fold higher than those in water. The prolonged fluorescence lifetime and greatly improved 

                  



RFQY confirm that the rigid hydrogen-bonding and high-viscosity microenvironment in glycerol effectively 

suppresses non-radiative decay and enhances fluorescence emission efficiency. These photophysical results are 

consistent with the solvent-dependent experiments, further verifying the synergistic hydrogen-bonding 

confinement and viscosity-induced RIM mechanism. However, in the solid state, the observed fluorescence 

quenching is presumably attributed to strong π–π stacking between CPDs, which corresponds to aggregation-

caused quenching (ACQ) [56,57]. To test the photostability of CPDs, the samples are irradiated continuously by 

different excitation light, respectively. After 1 h of irradiation, their fluorescence intensities decreased to 75 %, 

87 %, and 86 % of the initial values for CPDs-1–3, respectively (Fig. S11 in Supporting information). 

 

Fig. 3 Emission spectra of (a) CPDs-1, (b) CPDs-2, and (c) CPDs-3 in glycerol, excited by different wavelengths 

of light, respectively. (d–f) Fluorescence emission spectra of the three CPDs measured in aqueous solutions with 

different glycerol contents (0 %, 20 %, 50 %, 80 %, and 100 %), demonstrating a gradual increase in 

fluorescence intensity with increasing viscosity and hydrogen-bonding strength. Photographs of the CPDs 

solutions (0–100 % glycerol) under (g, h) daylight, and (i) UV irradiation, respectively.   

As a type of nano fluorescent dyes, CPDs-1–3 can overcome the limitations of many organic molecular dyes, 

including poor water solubility, low photobleaching resistance, environmental pollution, and the damage to the 

silk from the indispensable organic solvents [58,59]. Their zeta potentials are +12.8, +15.2, and +24.5 mV, 

respectively (Fig. 4a), which are beneficial to dyeing silks. The natural white silk fabrics were dyed via immersion 

in the aqueous solutions of these CPDs (Fig. 4b), obtaining bright yellow, orange and red fluorescent silk fabrics, 

respectively. To find the optimal conditions, these silk fabrics were immersed in the solutions with different 

concentrations of CPDs, pH values and time, respectively (Figs. S12-S14 in Supporting information). According 

to the fluorescence brightness under UV light, the optimal conditions for subsequent experiments were 

                  



determined to be: concentration of 100 μg/mL (20 mL), pH value of 5.5, room temperature and immersion time 

of 6 h. Afterwards, the fabrics were washed with 20 mL of water ultrasonically for 10 min each time after dyeing, 

repeated for 10 times. In general, the loose dyes were mostly removed after 4 times of washing (the photos of 

the cleaning solution are shown in Fig. S15 in Supporting information), while the remained CPDs kept stable in 

the fabric. Bright-field and dark-field photographs of dyed silk fabrics before and after cleaning are presented in 

Fig. 4c. The absorption spectra of CPDs solutions before/after dyeing and the first five washing solutions were 

recorded, respectively (Fig. S16 in Supporting information). When the absorbance exceeded the reliable range, 

the dyeing solutions were diluted by 20-fold prior to measurement, while the others were tested directly. Based 

on the results in Fig. S16, the optimal absorbance values are collected and the data are shown in Fig. S17 

(Supporting information). Then, the retention rates of CPDs on silk fabrics were calculated according to Eq. S1 

and Fig. S17 (Supporting information) [9], and the results are shown in Fig. 4d. All CPDs exhibit retention rates 

over 70 % after 10 times of washing. Particularly, CPDs-3 show a high retention rate of 95 %, indicating its 

stronger affinity to silks. The blue-emitting b-CDs and the green-emitting g-CDs with high quantum yield were 

synthesized respectively according to two recent reports, respectively [60,61]. Compared with Fig. 4c, 

fluorescence of b-CDs and g-CDs fabrics faded significantly after washing (Fig. S18 in Supporting information). 

Since the dyeing conditions were not precisely controlled, the calculation of retention rate for them was not 

performed further. The photostability and storage stability of CPDs-dyed silk fabrics were further investigated. 

After continuous irradiation with weak 365 nm UV light (12-16 W) for 9 days (Fig. S19 in Supporting 

information), no obvious color fading or fluorescence attenuation was observed. Fluorescence spectra collected 

at day 0, 3, 6 and 9 (Figs. S20a–c in Supporting information) showed minor fluctuations, implying that the 

samples possess favorable stability under ambient light and weak UV irradiation. Upon exposure to the intense 

laser source of the fluorescence spectrometer for 1 h (Figs. S20d–f in Supporting information), the fluorescence 

intensities of fabrics retained 86 %, 90 % and 97 % of their initial values, respectively. The CPDs-dyed fabrics 

exhibit better anti-photobleaching ability than pure CPDs samples (Fig. S11), and can basically meet the 

requirements for practical use and storage of fluorescent threads and fabrics. In Figs. 4e and f, the commercial 

white silk thread was stained with the above CPDs by the immersion method, and bright fluorescent patterns 

were sewn on the white silk cloth, demonstrating the practical application potential of CPDs in multicolor 

fluorescent textiles. In Fig. 4f, the white silk cloth was cut into letter patterns and then dyed with b-CDs, g-CDs, 

and CPDs-1–3 to produce a fluorescent pattern of "FUDAN".  

The bonding effects of CPDs with silks mainly originate from hydrogen bonds and electrostatic attractions 

[9,62]. On one hand, the mild dyeing conditions in water and high retention rate are attributed to the 

                  



amphipathicity of CPDs. As depicted in Fig. 4g, the hydrophilic groups is more likely to form hydrogen bonds 

with the –OH, –NH2 on the silk surface, while the lipophilic parts enable CPDs to bind more readily to the 

lipophilic region of silk (like the part of β-sheet conformation) [63,64]. On the other hand, the high retention 

rate is ascribed to the positive Zeta potential of CPDs (Fig. 4a). The isoelectric point (pI) of silk fibers is 

approximately 4.5, which means their surfaces will carry negative charges when immersed in water (pH 5.5, 

owing to CO2 dissolution from air), and thus the silk is apt to bind with our CPDs via electrostatic attractions 

[65]. From CPDs-1 to CPDs-3, the lipophilicity of their precursors increases due to the gradually increased 

aromatic rings and hydrophobic chains, leading to a gradual increase in their hydrophobic interactions to the 

silk [66,67]. Their higher fluorescence emission on the fabric than that in aqueous solution may originate from 

the same mechanism in glycerol. After dyeing and drying, CPDs form a dense hydrogen-bonding network with 

silk fabric, and silk establishes a rigid confined microenvironment, which restricts the molecular motion of 

fluorophores on CPDs and hinds the nanoparticle aggregation, leading to the stronger fluorescence emission.   

 

Fig. 4 (a) The average zeta potential of CPDs. (b) The 3 × 3 cm white silk cloth and those soaked in the aqueous 

solutions of CPDs-1–3, respectively. (c) Photos of the dyed silk cloths before and after 10 times of washing, under 

an incandescent lamp and a UV lamp, respectively. (d) Rates of retention calculated for different CPDs on silk 

                  



fabrics, respectively. (e) Photographs under UV lamp of the commercial white silk threads when immersed in 

aqueous solutions of b-CDs, g-CDs (prepared according to other reports), and CPDs, respectively. (f) 

Photographs under UV lamp of the letter patterns sewn with the above dyed silk threads on a white silk cloth 

and the letter patterns of the dyed silk fabrics. (g) Schematic diagram of the binding mechanism (hydrogen 

bonds and electrostatic attractions) between CPDs and silk fibroin.  

The spread plate method was employed to evaluate the antibacterial activity of CPDs against S. aureus, a 

common pathogenic bacterium that is prone to causing postoperative wound infections in clinical practice [68]. 

S. aureus was inoculated at the same concentration into petri dishes with and without CPDs1–3, respectively. As 

shown in Fig. 5a, all three kinds of CPDs exhibited antibacterial activities, and the bacterial counts decreased 

progressively with the increase in the concentration of CPDs. Quantitative analyses on bacterial colonies are 

presented in Fig. 5b. After co-cultivation with bacteria at 500 μg/mL, both CPDs-1 and CPDs-2 reduced the 

bacterial survival rate to about 40 %. CPDs-3 exhibited the highest bactericidal efficiency, with the bacterial 

survival rate approaching 0 % from the concentration of 50 μg/mL. To elucidate the differences, the antibacterial 

activities of the four CPDs precursors were evaluated. As shown in Fig. S21 (Supporting information), no 

significant difference in bactericidal activity was observed among the other three precursors (a1, b1, b2), 

whereas precursor a2 (4-diethylaminosalicylaldehyde) showed a remarkable deviation, reducing bacterial 

survival to 30 % at 50 µg/mL (Fig. S21b). According to literature, this phenomenon is likely due to the 

diethylamino group on the benzene ring, which enhances bacterial adhesion and membrane disruption [69]. 

Among CPDs-1–3, only CPDs-3 was derived from precursor a2, which may account for its markedly higher 

antibacterial efficiency. In Fig. 5c, CPDs-1 and CPDs-3 show low cytotoxicity toward RAW264.7 cells, with ~80 % 

viability even at 500 μg/mL. CPDs-2 exhibits higher cytotoxicity, but cell viability remains ~90 % at 50 μg/mL. 

Considering the relatively low loading content and high retention rate of CPDs on dyed silk, it can be speculated 

that the dyed silk fibers possess favorable biosafety. 

Based on the above findings, the antibacterial activity of CPDs-3-dyed silk was further evaluated by an in vitro 

experiment. In Fig. 5d, without silk, S. aureus rapidly proliferated 35 %, but when co-cultured with modified silk, 

even if it is only 40 mg, the bacterial count decreased to approaching 0 %. These indicate that unmodified silk 

lacks inherent antibacterial activity and may even serve as a favorable breeding ground for bacterial 

proliferation. In contrast, CPDs-3-dyed silk inherits the strong antibacterial activity of CPDs-3. Since the CPDs-

3-dyed silk fabrics were subjected to 10 times of ultrasonic washing prior to bacterial co-incubation, and as 

                  



suggested by Fig. 4d, it is reasonable to infer that the release of CPDs-3 into the bacterial culture medium is very 

low. The antibacterial effect is thus more likely attributed to direct contact between the bacteria and the silk, 

which is beneficial for the clinical application of antibacterial fibers. The conventional black clinical surgical 

sutures are not visible under the dim light, making them difficult to discern in delicate surgeries. As a proof-of-

concept validation, CPDs-dyed silk was used as fluorescent surgical sutures for porcine liver and black mice. All 

mice experiments were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of 

Shanghai Jiao Tong University School of Medicine and the national guidelines of China. The experiments were 

approved by the Animal Ethics Committee (Animal Research Committee) of the Ninth People’s Hospital 

(Approval No. SH9H-2023-A91-1). As shown in Figs. 5e and f, silk sutures stained with CPDs-1–3 display distinct 

suturing details, including the knotting position, fiber terminals and suture stitch orientation of the threads 

under UV light, while these details cannot be seen on the porcine liver sewn by the common sutures. Bright 

yellow, orange, and red fluorescence facilitated observation of wound healing and scar recovery, and the 

combined use of three-color fluorescent sutures allows sutures at different sites to be distinguished, further 

enhancing surgical accuracy [70–72]. Furthermore, CPDs-3 dyed silk combines bright fluorescence with strong 

antibacterial activity, which not only offers the fine suturing condition but also help eliminate wound bacteria. 

To further evaluate the medical applicability of dyed silk threads, their mechanical properties (tensile strength, 

elongation at break and knotted tensile strength) were tested before and after CPDs treatment. The 

corresponding stress-strain curves are presented in Fig. S22 (Supporting information). The statistical data listed 

in Table S6 are visualized as bar charts in Fig. S23 (Supporting information). The dyeing process exerted little 

influence on the intrinsic tensile strength of silk threads, with variations within 4.8 % relative to the pristine 

samples. The knotted tensile strength of silk modified with CPDs-1 and CPDs-2 showed no obvious reduction, 

while CPDs-3 group experienced a strength decrease of approximately 25 %. A moderate decline in elongation 

at break was also observed for all CPDs-dyed samples. These phenomena are mainly attributed to the thick and 

dense deposition of CPDs on silk fiber surfaces. At this stage, the dyeing parameters were optimized to prioritize 

fluorescence and antibacterial properties, rather than tuning the loading amount for ideal mechanical 

performance of threads. These findings provide a clear route for further research: systematically adjusting the 

loading density and coating thickness of CPDs to achieve a balanced performance among fluorescence, 

antibacterial activity and mechanical integrity.  

                  



 

Fig. 5 (a) The effects of CPDs-1–3 of different concentrations when co-cultured with S. aureus. (b) Quantitative 

analysis of bacterial colony-forming units (CFUs). Data are presented as mean ± SD (n = 3). Significance levels: 

P < 0.05, P < 0.01, P < 0.001. (c) Cytotoxicity of CPDs against RAW264.7 cells measured by CCK-8 assay at 

different concentrations. Data are presented as mean ± SD (n > 3). (d) The antibacterial effect of silk fibers (40 

mg) stained with CPDs-3 and quantitative analysis (n = 3). (e) Dark-field and bright-field photographs of pig 

liver wounds sutured with clinical surgical sutures and CPDs stained silk. (f) Photographs of full-thickness skin 

wounds (on the shaved dorsal) in 7–8-week-old black mice, sutured with clinical surgical sutures and CPDs-1–

3 dyed silk.  

In summary, this work presents a new route to synthesize CPDs with tunable fluorescence and varied 

antibacterial activities, which enables one-step dual-functionalization of silk with fluorescence and anti-S. 

aureus properties via simple aqueous immersion at room temperature without fixatives. Both fluorescence and 

antibacterial properties of CPDs are based on the reasonable selection of synthetic precursors. The yellow, 

orange, and red fluorescence of CPDs is adjusted by changing the conjugation degree. Although these precursors 

are hydrophobic, the as-prepared CPDs have rich water-soluble groups for their good dispersion in water. They 

can dye silk fabrics directly by a simple immersion with high retention rates, to produce bright multi-color 

fluorescent patterns on a large scale. More importantly, these CPDs are antibacterial, especially the optimal 

CPDs-3 that demonstrates excellent bactericidal activity against S. aureus at very low concentrations. The CPDs-

3 dyed silks can be made into surgical sutures, which help surgical suturing by their bright fluorescence and 

antibacterial activity. Compared with studies that reconstruct silk fibroin into regenerated functional materials, 

this work focuses on direct modification of intact natural silk fibers. It complements the existing research system 

                  



of silk-based visual materials, and provides a simple and mild approach to prepare fluorescent silk textiles and 

biomedical sutures while preserving the inherent structure and basic mechanical properties of raw silk. 
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Graphical Abstract  

 

 

 

After careful selection of precursors, antibacterial carbonized polymer dots with tunable fluorescence are 

synthesized, which endow silk with dual functions of fluorescence and anti-staphylococcus aureus activity via 

one-step dyeing, forming colorful fluorescent patterns and surgical sutures for medical applications 

Declaration of interests 

  

☒ The authors declare that they have no known competing financial interests or personal relationships that 

could have appeared to influence the work reported in this paper. 

  

☐ The authors declare the following financial interests/personal relationships which may be considered as 

potential competing interests: 

 

                  


