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Abstract 17 

Identifying suitable biocompatible and processable materials that mimic the properties of native 18 

bone tissue remains a significant challenge in bone tissue engineering (BTE). Polymerized 19 

Trimethylolpropane Triacrylate (PTMPTA), a rapid photocurable, stiff, bioinert thermoset polymer, 20 

has previously suggested as matrix of BTE composites, but still lacks mechanical properties, 21 

biocompatibility, and printing accuracy, which need to be improved to meet BTE requirements. In 22 

this study, citric acid carbon dots (CA CDs) synthesized via microwave pyrolysis were blended into 23 

the PTMPTA matrix. Nano-scale spectroscopy and atomic force microscopy (AFM) techniques for 24 

the first time revealed the transitional interface layers with different chemical structures between 25 

CA CDs and PTMPTA. Those transitional interface layers facilitate uniform stress distribution, 26 

enhance load transfer, prevent debonding caused by CDs agglomeration, reduce over-curing and 27 

thermal stress and improving surface cell adhesion and proliferation, together with CA CDs 28 

enhancing mechanical strength, biocompatibility, and processability of the resulting composite. 29 

Ultimately, composite incorporating 8 wt% CA CDs was determined to the highest mechanical 30 

properties, biocompatibility, and 3D printing accuracy, achieving a 3.5-fold increase in compressive 31 

Young's modulus and load-bearing capacity, a 1.5-fold increase in tensile Young's modulus, and a 32 

2-fold cell surface proliferation compared to pure PTMPTA, and has successfully approached the 33 

target 3D printing accuracy. This work opens the door to the vast compositional space of different 34 

carbon dot/polymer composites targeting the demanding requirements of BTE and lays the 35 

foundation for future BTE materials. 36 
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1. Introduction 37 

Developing polymers that exhibit both high strength and biocompatibility remains a significant 38 

challenge, particularly for bone tissue engineering (BTE) applications. Bones not only support and 39 

protect the human body structure but also withstand impact forces during movement [1], [2]. 40 

Therefore, materials selected for BTE must replicate the natural properties of bone, ensuring high 41 

mechanical strength and optimal biocompatibility to support cell adhesion and growth [3], [4]. 42 

Additive manufacturing, particularly vat photopolymerization, has emerged as a powerful method 43 

for precisely replicating bone tissue architecture in BTE [5]. Consequently, materials for 3D printing 44 

must support high-resolution printing to fabricate intricate, fine structures. 45 

Polymerized trimethylolpropane triacrylate (PTMPTA) is commonly used as a matrix material or 46 

a crosslinking agent. Trimethylolpropane triacrylate (TMPTA) is a monomer featuring three acrylic 47 

functional groups, enabling rapid cross-linking under UV light in the presence of a photoinitiator, 48 

within a few seconds [6], [7], [8]. PTMPTA is known for its rapid photocuring, curing strong wear 49 

resistance and bioinert properties [9], [10], [11], however, pure PTMPTA and its copolymers exhibit 50 

limitations in terms of wettability and mechanical strength, both of which are crucial for BTE [9], 51 

[12], [13]. Additionally, PTMPTA’s 3D printing precision is low because of the rapid curing [14], pose 52 

challenges for ideal BTE 3D-printing scaffolds.  53 

Carbon dots (CDs), a class of nanomaterials first synthesized by Xu et al. in 2004 [15], have 54 

gained attention for their unique optical properties, simple synthesis, low cost, broad precursor 55 

selection, excellent biocompatibility, and tuneable surface characteristics [16], [17], [18]. Previous 56 

studies have shown that blending CDs with polymers can enhance mechanical properties and 57 

biocompatibility of the resulting polymer composites. For example, Gogoi et al. created CD-PU-HA 58 

(carbon dots-polyurethane-hydroxyapatite) composites that demonstrated favourable mechanical 59 

properties and promoted high cell proliferation and alkaline phosphatase (ALP) activity in MG-63 60 

osteoblastic cell lines [19]. CDs have also been shown to improve the accuracy of 3D printing. For 61 

instance, Liang et al. incorporated CDs into hydrogel-based 3D printing, resulting in enhanced 62 

dimensional accuracy [20]. However, at present, the combination of PTMPTA and CDs has not 63 

been investigated, and further to our knowledge no study has clearly demonstrated how carbon 64 

dots and polymers affect each other at the nanoscale in a composite. 65 

In this study we synthesized citric acid carbon dots (CA CDs) via microwave pyrolysis of citric 66 

acid and blended them with TMPTA to form novel CA CDs/PTMPTA composites. Different 67 

proportions of CA CDs were added to evaluate their impact on the mechanical properties, 68 

biocompatibility, and 3D printing accuracy of the resulting scaffolds. We found the composites, 69 

especially containing 8% CA CDs, exhibited enhanced performance compared to PTMPTA. 70 

Utilizing nanoscale spectroscopy and atomic force microscopy techniques, we visually identified, 71 

for the first time, the formation of transitional interface layers with different chemical structure 72 

between CA CDs and PTMPTA, which was found to be a key factor contributing to the improved 73 

properties of the composite material. 74 



3 

 

 75 

Figure 1. An overview of the production process of CA CDs/PTMPTA composites and how the transition 76 

interface layer between CA CDs and PTMPTA affects the composites. 77 

2. Results and Discussion 78 

To obtain CA CDs, citric acid was initially pyrolyzed, and the resulting product was purified. X-79 

ray Diffraction Spectroscopy (XRD), Transmission Electron Microscopy (TEM), Ultraviolet-visible 80 

(UV-VIS) absorption spectroscopy, fluorescence emission spectroscopy, and Dynamic Light 81 

Scattering (DLS) analysis were conducted to confirm the purity of the incorporated CA CDs.   82 

The XRD pattern of unpurified CA CDs (black curve) and CA CDs after purification (red curve) 83 

are shown in Figure 2A. The pattern of the unpurified CA CDs resembled that of citric acid, 84 

displaying numerous narrow, high-intensity crystallization peaks [21]. In contrast, the pattern for 85 

purified CA CDs only exhibited a large, broad peak spanning around 22° and 43°, which 86 

corresponds to the characteristic peaks of CDs [22]. The comparison of the two curves 87 

demonstrates that the purification process effectively removed most small molecular impurities 88 

while retaining the CA CDs. The TEM image (Figure 2B) displays spherical CA CDs particles with 89 

diameter around 2-7 nm (inset in Figure 2B). The High-resolution transmission electron microscopy 90 

(HRTEM) image and its fast Fourier transformation (FFT) image further reveal distinct lattice 91 

fringes in single particles, exhibiting a spacing of 0.21 nm (Figure 2C), which is characteristic of 92 

CDs [23], [24]. The fringes appear slightly distorted and wavy, which could be due to strain or 93 

defects in the carbon dot (CD) structure. In addition, not all CD particles remained isolated, as they 94 

were prone to agglomeration. DLS characterization identified four distinct particle size distributions 95 

of 8 wt% CDs in TMPTA (Figure 2D): particles smaller than 10 nm, aggregates ranging from 10-40 96 
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nm, larger clusters measuring 50-1000 nm and very large aggregates exceeding 1 micron. These 97 

findings suggest that CDs readily form agglomerates of varying sizes. The absorption spectrum 98 

(red curve in Figure 2E) exhibited two peaks, one below 300 nm and one around 340 nm, 99 

corresponding to the π-π* and n-π* transitions of carbon dots, respectively [25], [26]. Additionally, 100 

the emission spectrum (blue curve in Figure 2E) displays the typical photoluminescence 101 

characteristics of CDs. Further information of synthesis and characteristics of CA CDs are provided 102 

in the supplementary information (Figure S1-S2, Table S1). 103 

The purified CA CDs were mixed with the TMPTA monomer resin, at the mass ratios of 0%, 2%, 104 

4%, 6%, 8% and 10% to TMPTA. Following the curing process under 365 nm UV light for 90 s, the 105 

resulting composites were designated as from 2% to 10% CA CDs/PTMPTA composite. The 106 

detailed synthesis process of composites is illustrated in the supporting information (Figure S3).  107 

Fourier Transform Infrared Spectroscopy (FTIR) and XRD spectroscopy were conducted to 108 

verify whether the CA CDs were effectively blended into the PTMPTA matrix. The FTIR spectrum 109 

of CA CDs/PTMPTA composites and the PTMPTA is shown in Figure 2F. The peak intensity at 110 

2920 and 2850 cm-1 increased in line with the concentration of CA CDs, corresponding to the C-H 111 

stretching vibrations of methylene and methyl groups [27] (Figure S5A). These peak changes 112 

suggest that as the concentration of CDs increases, the contribution of surface functional groups 113 

of CA CDs, such as alkyl or aliphatic groups, to the FTIR spectrum becomes more pronounced. 114 

However, the intensity of the CH bending vibration near 1460 cm-1 did not increase proportionally 115 

with the rise in CD content (Figure S5B). This phenomenon may be attributed to the incomplete 116 

dispersion of carbon dots within the composite material, with this peak primarily corresponding to 117 

methylene signals at PTMPTA cross-linking sites [28]. Similarly, the signal near 3440 cm-1 118 

increased and broadened, which is associated with hydroxyl groups of CDs and further indicates 119 

possible hydrogen bonding interactions between CDs and PTMPTA [29] (Figure S5C). 120 

Simultaneously, the intensity of the peak at 1720 cm-1, corresponding to the -C=O bond in PTMPTA, 121 

decreased (Figure S5D) [30]. This reduction might result from the activation of carbonyl (-C=O) 122 

surface groups via photoinitiation, leading to the production of ether crosslinks with TMPTA 123 

monomers. This suggests that some CA CDs were grafted onto PTMPTA [31], resulting in the 124 

observed enhancement of the C-O peak at 1115 and 1260 cm-1 (Figure S5E) [32], [33].   125 

The XRD spectra of various CA CDs/PTMPTA composites and pure PTMPTA is displayed in 126 

Figure 2G. The XRD curve of PTMPTA (black curve) exhibits a broad amorphous peak between 127 

10° and 30°, indicating the amorphous structure of PTMPTA. After blending PTMPTA with CA CDs, 128 

this peak remains present, while the sharp peaks around 2θ = 23° exhibit slight shifts to higher 129 

values, potentially corresponding to the crystalline regions contributed by the CDs. Additionally, 130 

when the CDs content reaches 6% or more, several additional weak peaks or subtle features 131 

emerge in the composite material, indicating changes in crystallization. Combined with the FTIR 132 

results, the broadening and increased intensity of the OH stretching region (3440 cm-1) suggests 133 

the formation of hydrogen bonds. Those hydrogen bonds may enhance chain arrangement, act as 134 

nucleation points, and influence crystallization [34]. The CH stretching vibrations (2925 and 2853 135 

cm-¹) and the introduction of C-O groups (1260 cm-1) further illustrate interactions or entanglements 136 

between molecular chains and CDs, which could affect polymer chain alignment and alter 137 

crystallization. In the SEM image of the 8% CA CDs/PTMPTA composite (Figure 2H), individual 138 

CDs on the surface were too small to be resolved; however, agglomerated CDs are clearly 139 

identifiable. These agglomerates range in size from 80 to 320 nm within the PTMPTA matrix (Figure 140 
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2I, results based on counting in Figure 2H). All the above characterisations confirm the 141 

incorporation of CA CDs into PTMPTA. Additionally, the FTIR and XRD results indicate that CA 142 

CDs interact with PTMPTA, which is likely to influence its structural and functional properties. 143 

 144 

 145 

Figure 2. (A) XRD patterns of unpurified (black curve) and purified CA CDs (red curve). (B) TEM image of 146 

CA CDs with a scale bar of 50 nm. Inset: up: TEM image with a scale bar of 20 nm, below: the corresponding 147 

particle size histogram. (C) HRTEM image of single CA CD with a scale bar of 10 nm. Inset: left: FFT of this 148 

CA CD, right: size of lattice fringes of a single CA CD with a scale bar of 2 nm. (D) DLS result of CA CDs, 149 

show four ranges of particle size: less than 10 nm; 10-40 nm; 50-1000 nm and above 1000 nm. (E) The 150 

absorption spectrum (red curve) and the fluorescence emission spectrum (blue curve) excitation at 340 151 

nm of CA CDs water solution. Inset: the fluorescence of the CA CDs water solution under a 365 nm UV 152 

lamp. (F-G) FTIR and XRD spectra of PTMPTA polymer and CA CDs/PTMPTA composites. (H) SEM image 153 

of 8% CA CDs/PTMPTA composites with a scale bar of 5 µm. (I) According to the SEM images, the particle 154 

size distribution of 100 particles was measured.  155 

 156 

To investigate the impact of CA CDs on the strength properties of PTMPTA, both tensile and 157 

compression tests were conducted. In the tensile test, 10 samples of each composite and PTMPTA 158 

polymer were measured, and the average values were calculated for comparison (Table S2). The 159 

results indicate that when the CA CDs content was below 6 wt% in the composite, their 160 

concentration had a positive correlation with the composite’s Young’s modulus (Figure 3A). 161 

However, this trend reversed once the CA CDs content surpassed 8 wt%. This phenomenon may 162 
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be explained by the precipitation of CA CDs at higher concentrations, which caused the mixture to 163 

become more heterogeneous (Figure S3C). This heterogeneity led to stress concentration and 164 

inconsistent stress distribution in various regions, ultimately deteriorating the composite’s 165 

mechanical properties. The tensile Young's moduli of all CA CDs/PTMPTA composites were 166 

significantly higher than that of the PTMPTA polymer. Prior to exceeding an incorporation level of 167 

8% CA CDs, an increase in CA CDs content resulted in a corresponding increase in the modulus. 168 

The compression test results are shown in Figures 3B-C. Each type of composite was tested 169 

with 5 replicates, and the average data obtained were used for comparison (Tables S3-S4). For 170 

CA CDs content up to 8 wt%, an increase in the CA CDs proportion resulted in a higher load-171 

bearing capacity (Figure 3B) and Young’s modulus (Figure 3C), indicating enhanced compressive 172 

strength with increasing CA CDs concentration. However, when the proportion of CA CDs reached 173 

10 wt%, the load-bearing capacity and Young’s modulus of 10% CA CDs/PTMPTA composites 174 

significantly decreased. This reduction is likely caused by the opacity introduced by higher CA CDs 175 

concentrations, which prevented UV light penetration and resulted in incomplete crosslinking of 176 

the composites. Consequently, some interior parts of the sample remained liquid, significantly 177 

compromising the mechanical properties of the composites. Both tensile and compression tests 178 

demonstrated that CA CDs significantly enhanced the mechanical properties of the polymer matrix. 179 

Among all compositions, the composite containing 8% CA CDs are the most suitable candidates 180 

for BTE, with the tensile Young's modulus increasing by around 1.5 fold (363.70 ± 11.96 MPa) 181 

compared to pure PTMPTA (240.78 ± 28.42 MPa). Additionally, the compressive Young's modulus 182 

and maximum load-bearing capacity increased by around 3.5 fold (18.70 ± 1.32 kN and 908.68 ± 183 

98.10 MPa) to pure PTMPTA (5.39 ± 0.55 kN and 259.19 ± 45.60 MPa). 184 

To investigate the mechanism by which CA CDs enhanced the mechanical properties, Nuclear 185 

Magnetic Resonance (NMR) analysis was conducted. Based on previous FTIR and XRD results 186 

(Figures 2F and 2G), the initial hypothesis was that interactions between CA CDs and PTMPTA 187 

might increase the crosslinking density, thereby improving the mechanical properties. To test this, 188 

the composites and PTMPTA were immersed in toluene overnight, and the excess solvent was 189 

removed by gravity filtration. Subsequently, deuterated chloroform (CDCl₃) was used to soak the 190 

composites for several hours before performing ¹H NMR analysis. The ¹H NMR spectra of all the 191 

composites exhibited resonance in two distinct regions (Figure 3D): a methyl signal around 2.4 192 

ppm and an aromatic ring signal near 7.2-7.3 ppm, corresponding to resonances produced by 193 

toluene molecules absorbed by the composites. According to previous study [35], there is linear 194 

relationships between chemical displacement and the degree of solvent expansion, a shift of these 195 

signals upfield (towards smaller PPM values) indicates an increase in crosslinking density. Due to 196 

significant overlap and complexity in the aromatic signals (Figure 3F), the methyl signals were 197 

chosen for detailed analysis (Figure 3E). 198 

As shown in Figure 3E, compared to PTMPTA, the methyl signals of 2%, 4%, and 6% CA 199 

CDs/PTMPTA composites shifted slightly upfield, indicating that CA CDs promoted the crosslinking 200 

of composites to some extent. However, the methyl signals of the 8% and 10% CA CDs/PTMPTA 201 

composites shifted back downfield, with the signals of the 10% CA CDs/PTMPTA composites 202 

showing an even greater downfield shift than neat PTMPTA. These results suggest that an 203 

excessive amount of CA CDs may reduce the crosslinking density, likely due to the aggregation of 204 

CA CDs, which could impede the formation of the crosslinking network. While this analysis showed 205 

that CA CDs do influence the crosslinking of the composites, the observed signal shifts were 206 



7 

 

minimal (less than 0.1 PPM), indicating only slight changes in the crosslinking density. Furthermore, 207 

although the crosslinking density slightly decreased in the 8% CA CDs/PTMPTA composites, the 208 

compression test still exhibited the highest strength. The comparison of the NMR and compression 209 

test measurements suggests that crosslinking density had only a minor effect on the overall 210 

mechanical properties. 211 

   212 

 213 

Figure 3. Tensile test data of PTMPTA and CA CDs/PTMPTA composites: (A) Tensile Young’s modulus of 214 

PTMPTA and CA CDs/PTMPTA composites, all data differences are significant (n = 10; *p < 0.05). 215 

Compression test data of PTMPTA and CA CDs/PTMPTA composites: (B) Max force and (C) compression 216 

young’s modulus, all data differences are significant (n = 5; *p < 0.05) and all composite materials are 217 

abbreviated as 2%, 4%, 6%, 8% and 10%. 1H NMR spectra (D) of PTMPTA and CA CDs/PTMPTA composites 218 

treated with toluene recorded in CDCl₃, which shows two signal areas: (E) Aromatic proton resonances 219 

interval and (F) methyl proton resonances interval. 220 

 221 

Next, the surface morphology of the 8% CA CDs/PTMPTA composite was analysed using atomic 222 

force microscopy (AFM) to investigate the distribution of CA CDs within PTMPTA and their potential 223 

impact on mechanical strength (Figure 4). Figure 4A presents a Derjaguin-Muller-Toporov (DMT) 224 

Modulus map, where brighter regions correspond to areas with a higher DMT modulus, ranging 225 

from a few nanometres to over 400 nm in diameter. When correlated with CA CDs observations 226 

from TEM, DLS and SEM (Figures 2B, 2D, and 2H), these regions were identified as CA CDs and 227 

their aggregates (the modulus up to 1.3 GPa). The DMT modulus map revealed significant spatial 228 

variation within the composite, which was segmented into three distinct regions for further analysis 229 

(Figures 4B, 4C, and 4D). In Figure 4B, areas with a modulus below 400 MPa were attributed to 230 

PTMPTA. Figure 4C identified regions corresponding to CA CDs, characterised by a modulus 231 

exceeding 480 MPa. Figure 4D highlighted intermediate-modulus regions, suggesting the 232 

presence of an interface layer with a slightly different modulus between the CA CDs and PTMPTA. 233 

To explore the interaction between CA CDs and PTMPTA, the interface structures observed in 234 

Figure 4D were examined in relation to the CA CDs in Figure 4C. Figure 4E and its inset show an 235 

overlay of Figures 4C and 4D, confirming that the intermediate-modulus regions in Figure 4D are 236 
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located around the CA CDs. This observation supports the presence of a transitional interface layer 237 

between the carbon dots and the PTMPTA matrix. Additionally, Figure 4F illustrates surface 238 

roughness, demonstrating that the incorporation of CA CDs resulted in a rougher composite 239 

surface, the average roughness (Ra) and root mean square roughness (Rq) are 11.3 nm and 7.7 240 

nm, respectively. 241 

 242 

Figure 4. (A): DMT Modulus map of surface of 8% CA CDs/PTMPTA composites, with whiter colour 243 

indicating higher modulus (up to 1.3 GPa); (B-D): Binary images representing the modulus map in (A) set 244 

to the following thresholds: (B) 0.0-0.4 GPa, (C): more than 0.48 GPa, (D): 0.41-0.48 GPa. (E) and its inset: 245 

overlay between (C) and (D). (F): AFM height data showing the surface roughness of 8% CA CDs/PTMPTA 246 

composites. Ra and Rq are 11.3nm and 7.7nm, respectively. Scale bar of figure E is 100 nm, the others are 247 

400 nm. 248 

 249 

To further investigate the presence of an interface layer through differing chemistries, nano-250 

Fourier transform infrared spectroscopy (nano-FTIR) and scattering-type scanning near-field 251 

optical microscopy (s-SNOM) were employed to image the CA CDs and their surroundings (Figure 252 
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5A-D). These two techniques use the illumination of a metal-coated AFM cantilever in order to 253 

generate a confined, near-field optical probe with spatial size similar to that of the cantilever tip 254 

apex (around 10 nm). As a result, these techniques can chemically characterise the PTMPTA 255 

polymer on the length scale of the CA CDs themselves, allowing us to directly probe and visualize 256 

the chemistry of the interface layer. Nano-FTIR spectra of three regions - PTMPTA polymer, CA 257 

CDs, and the interface between the two - are shown in Figure 5A, where the nano-FTIR phase 258 

data values correlate to the amount of absorption in the sample, thereby revealing the underlying 259 

chemical differences between the CA CDs, the PTMPTA, and the interface layer between them. 260 

Peaks corresponding to C-O bonds at 1115 and 1260 cm-1, shared by CA CDs and PTMPTA, were 261 

significantly stronger at the interface. Conversely, the C=O peak around 1730 cm-1 was weaker at 262 

the interface compared to PTMPTA. 263 

These findings indicate the formation of a chemically distinct transition interface layer, likely 264 

involving covalent ether linkages formed via reactions between CA CDs and PTMPTA. These 265 

results align with the trends observed in the FTIR spectrum of the composite (Figure 2F), indicating 266 

that the interaction between CA CDs and PTMPTA leads to the modification of C=O bonds in 267 

PTMPTA and the formation of additional C-O bonds. This chemical interaction facilitates the 268 

development of the interface layer between CA CDs and PTMPTA. This interfacial reaction likely 269 

contributes to the development of the intermediate-modulus interface layer observed in modulus 270 

mapping. Furthermore, the formation of this interface layer provides insight into the changes in 271 

crystallinity observed in the XRD spectrum (Figure 2G). The restricted arrangement of polymer 272 

chains and the altered crystal growth direction likely contribute to the observed variations in 273 

crystallinity [36]. The AFM height image (Figure 5B) and corresponding s-SNOM amplitude scan 274 

taken at 1115 cm-1 (Figure 5C) clearly show the presence of CA CDs and the aggregates in the 275 

composite. Figure 5D presents the corresponding phase data taken during the same 1115 cm-1 276 

wavenumber s-SNOM scan and starkly highlights the chemical difference between the interface 277 

layer and both the CA CDs and the PTMPTA. Red data values in Figure 5D represent regions of 278 

stronger absorption at 1115 cm-1 and are therefore regions attributed to an increased density of C-279 

O bonds. Notably, the interface layer was observed not only around larger agglomerates but also 280 

at the nanoscale, demonstrating that both individual CA CDs and their agglomerates interact with 281 

PTMPTA to form an interface.  282 

It can be concluded that CA CDs enhance the mechanical strength of PTMPTA not only by 283 

introducing their inherently high modulus but also through the formation of a transition interface 284 

layer resulting from their interaction with PTMPTA. This interface layer may act as a buffer, enabling 285 

more uniform stress distribution between different materials and preventing stress concentration 286 

at the boundaries that could lead to failure [37]. The transition interface layer could also improve 287 

the bonding between CA CDs and the PTMPTA matrix, modifying the crystallinity, facilitating better 288 

load transfer, and preventing debonding, thereby significantly enhancing the overall mechanical 289 

properties of the composite [38]. Additionally, agglomerates within a polymer matrix may typically 290 

result in voids or defects that could lead to slipping or detachment under pressure, while the 291 

interface layer ensures a tight integration of the polymer matrix around the CA CDs, minimizing 292 

void formation and preventing premature failure under load [39]. This interface layer may also 293 

stabilize the aggregated CA CDs, preventing them from sliding or detaching under pressure, 294 

thereby allowing the aggregates to contribute positively to the overall mechanical properties of the 295 

composite. 296 
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 297 

Figure 5. (A) Nano-FTIR spectra corresponding to (from top to bottom): a plain PTMPTA region, an 298 

interface region between CA CDs and PTMPTA, and CA CDs. (B-D) An s-SNOM scan taken of CA CDs and 299 

their agglomerates partially imbedded in the PTMPTA composite at wavenumber 1115 cm-1, with the 300 

corresponding AFM (B), s-SNOM amplitude (C), and s-SNOM phase (D) data. The red areas in (D) highlight 301 

regions that absorb more strongly at 1115 cm-1, attributed to a higher density of C-O bonds. All scale bars 302 

are 1 µm. 303 

 304 

In addition to enhancing mechanical strength, the transition interface layer formed between CA 305 

CDs and the PTMPTA matrix may also influence the degradation behaviour of the composites by 306 

introducing sites susceptible to hydrolytic or oxidative cleavage. To evaluate this, in vitro 307 

degradation tests were conducted by immersing cured composite discs in PBS (simulating 308 

physiological conditions) and 3% H₂O₂ solution (simulating oxidative degradation) at 37 °C for 14 309 

days. As shown in Figure 6A, PTMPTA exhibits minimal degradation in both PBS and H₂O₂ 310 

solutions, remains 99.62% and 99.35% mass after 14 days, respectively. In contrast, upon 311 

incorporation of CA CDs, the composites showed slightly increased mass loss, with the 10% CA 312 
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CDs/PTMPTA composite retaining 96.98% of its mass in PBS and 93.01% in H₂O₂, indicating that 313 

the overall degradation remained low but became more sensitive to oxidative conditions. This 314 

behaviour can be attributed to the ether bonds formed during the formation of the transition 315 

interface layer. These bonds are vulnerable to oxidative cleavage. Supporting evidence from FTIR 316 

analysis (Figure 6B) shows a reduction in the C-O stretching band intensity and a concurrent 317 

increase in the C=O band after degradation, confirming ether bond cleavage.  As more CA CDs 318 

are incorporated, a greater number of ether bonds form, leading to more pronounced degradation 319 

and spectral changes. These results demonstrate that CA CDs/PTMPTA composites exhibit 320 

adjustable degradability and potential bioabsorbability. 321 

The swelling behaviour and biocompatibility of the composites are also critical for their suitability 322 

in BTE. All formulations exhibited relatively low swelling rates (Supplementary Figure S4), 323 

remaining below 50% in deionized water, PBS, and ethanol, thereby demonstrating adequate 324 

dimensional stability [40]. Excessive swelling could otherwise compromise the structural integrity 325 

of implants [41]. The impact of CA CDs on the biocompatibility of PTMPTA was evaluated through 326 

cell viability tests and live/dead assays. For the cell viability test, MG63 cells were seeded and 327 

cultivated for 7 days on PTMPTA and CA CDs/PTMPTA composites. The cells on samples 328 

containing 2 to 8 wt% CA CDs showed significantly higher metabolic activity compared to cells on 329 

PTMPTA and 10 wt% CA CDs samples. On the seventh day, cells on the 8 wt% CA CDs samples 330 

exhibited the highest cell viability (the cell viability increasing almost 2 times compared to that on 331 

pure PTMPTA) (Figure 6C). The results were analysed using two-way Analysis of Variance 332 

(ANOVA), and cell viability on the 8 wt% CA CDs samples was significantly 2 times higher than on 333 

samples without CA CDs and those with 10 wt% CA CDs (both *p < 0.0001). In contrast, there was 334 

no significant difference in cell viability between the 8 wt% CA CDs samples and tissue culture 335 

plastic (TCP), indicating that the composites supported cell growth and proliferation to a similar 336 

extent as TCP. 337 
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 338 

Figure 6. The remaining mass percentage results of PTMPTA and all composites (A) after 14 days 339 

degradation in PBS and 3% H2O2 solution, all composite materials are abbreviated as 2%, 4%, 6%, 8% 340 

and 10%. (B) is the FTIR spectra of PTMPTA and all composites before and after degradation. The 341 

resazurin assay result of cell viability (C) on day 1,4, 7 and confocal images of TCP (D), composites with 342 

CA CDs ranging from 0 wt% to 10 wt% (E)-(J), respectively on day 7. Scale bar of all figures is 100 µm. (K) 343 

is water contact angle of CA CDs/PTMPTA composites and PTMPTA. Top of the figure shows the droplet 344 

shapes contacted with different surfaces. Below shows the comparison of surface water contact angle, 345 

all composite materials are abbreviated as 2%, 4%, 6%, 8% and 10%. The water contact angle differences 346 

between all CA CDs/PTMPTA and PTMPTA were significant (mean ± SEM, n = 10 independent 347 

experiments, *p value < 0.05). 348 

 349 

For the live/dead assay (Figure 6D-J), MG63 cells were stained with Calcein Green AM/ethidium 350 

bromide phosphate buffer solution (PBS) and observed at 10× magnification under a Nikon A1 351 

confocal microscope after 7 days of cultivation on the sample discs. Single images were processed 352 

and combined using z-stack images of each sample. Live MG63 cells were stained bright green 353 

by Calcein Green AM, and the cells on samples containing 2 to 8 wt% CA CDs/PTMPTA 354 

composites showed high levels of viability, similar to cells on tissue culture plastic (TCP). In 355 

contrast, cells on PTMPTA and 10 wt% CA CDs/PTMPTA composites were less distributed and 356 

attached, which corresponded to the previous cell viability test results. Dead cells, stained red by 357 

ethidium bromide, were not observed in large quantities. 358 

Combining the results of the cell proliferation test and live/dead assay, it can be concluded that 359 

PTMPTA is not suitable for cell growth. When the ratio of CA CDs was 8 wt% or less, cell growth 360 

improved progressively with the increasing CA CDs weight proportion. The AFM height image 361 
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(Figure 4F) shows that the introduction of CA CDs increased the surface roughness of the material. 362 

Additionally, the FTIR (Figure 2F) and nano-FTIR spectra (Figure 5A) revealed the introduction of 363 

hydrophilic groups, such as -CO and -OH, in the CA CDs and the transition interface layer on the 364 

material's surface. These factors collectively enhanced the hydrophilicity of the composite, as 365 

evidenced by water contact angle measurements (Figure 6K), which decreased from 71.79 ± 2.17° 366 

for pure PTMPTA to 51.93 ± 3.93° for 10%CA CDs/PTMPTA composites. Furthermore, the 367 

presence of CA CDs and the transition interface layer contributed to an increase in the material's 368 

Young's modulus, which further supported bone cell growth. These combined enhancements 369 

promoted improved cell adhesion and proliferation. Additionally, CDs were associated with lower 370 

toxicity and were less likely to induce adverse biological reactions [19]. On the 10% CA 371 

CDs/PTMPTA composite samples, although cells grew normally in some areas of the composite 372 

surface, in other areas no cells survived (Figure 6J). A possible reason for this is that the high 373 

proportion of CA CDs in the composites may shield the PTMPTA matrix from UV irradiation, thereby 374 

impairing complete photopolymerization and resulting in residual uncrosslinked monomers. 375 

Simultaneously, too much CA CDs can accelerate the degradation of the composite, potentially 376 

lead to the release of unreacted or degraded monomers. These monomers can locally accumulate 377 

and exert cytotoxic effects, thereby impairing cell attachment and proliferation. To directly verify 378 

this hypothesis, we conducted FTIR analysis on the culture medium from the cell viability assay 379 

(Figure S12). The results revealed a pronounced TMPTA monomer signal in the medium of the 10% 380 

CA CDs/PTMPTA group, while no significant monomer release was detected in groups with lower 381 

CA CDs content. This together with the highest cell viability observed on the 8% CA CDs/PTMPTA 382 

composite shows that 8 wt% CA CDs represents the maximum action concentration that can 383 

achieve controlled degradation while maintaining high cell compatibility, making it the optimal 384 

formulation for biomedical applications.   385 

CA CDs were also observed to enhance the accuracy of Stereolithography (SLA) 3D printing. 386 

Different CA CDs/TMPTA prepolymers were utilized as inks to 3D print woodpile structures, the 387 

resolution of all printing process is set as 10 µm and each layer exposed for 0.5s. The designed 388 

woodpile structures featured square holes with a side length of 480 μm and microstructure widths 389 

of 100 μm (l × w=480 μm × 100 μm) (Figure S9). The printing accuracy improved consistently with 390 

increasing CA CDs content up to 8 wt% (Pure PTMPTA was unable to replicate the designed 391 

structure accurately, whereas the 8% CA CDs/PTMPTA composite successfully achieved a 392 

structure closely resembling the target design (Figures 7A-E). However, similar to the compression 393 

test samples, the 3D-printed 10% CA CDs/PTMPTA composites contained an excessive amount 394 

of CA CDs agglomerates, resulting in excessive turbidity that hindered curing and ultimately led to 395 

scaffold collapse (Figure 7F). The print resolution of all materials is determined by l × w dimensions 396 

and is listed in Table S5.  As a result, the structures printed with 8% CA CDs/PTMPTA 397 

demonstrated the highest accuracy (l × w=476.3 ± 14.3 μm × 117.4 ± 13.3 μm) (Figure 7E).  398 

The impact of CA CDs on the printing accuracy of PTMPTA was investigated by considering the 399 

intrinsic properties of both TMPTA and CA CDs. TMPTA, which contains three acrylic functional 400 

groups, exhibited a very rapid curing rate [6]. Consequently, if the UV exposure time exceeded the 401 

necessary curing duration during printing, excessive UV light would cause the cured resin to extend 402 

beyond the intended layer boundary and blur fine details. In addition, the curing process of TMPTA 403 

released a considerable amount of heat, leading to warping or shrinkage of the printed parts [41]. 404 

In the results obtained with pure PTMPTA, the printed structures appeared fused together, 405 
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obscuring fine details (Figure 7A). CA CDs appeared to address these concerns. When CA CDs 406 

were dispersed in a TMPTA solution and their absorbance was measured (Figure 7G), results were 407 

compared to the absorbance of CA CDs in water, eliminating the effects of TMPTA and water. It 408 

was observed that CA CDs exhibited higher absorbance in TMPTA than in water, indicating that 409 

CA CDs can effectively absorb UV light in TMPTA and help mitigate excessive curing beyond the 410 

intended boundaries. Meanwhile, increasing the concentration of CA CDs did not cause a 411 

substantial rise in absorbance. Even with a tenfold increase in concentration (10 g/L, red curve vs. 412 

1 g/L, black curve), their absorbance remained similar (around 0.5 Absorbance Unit (A.U.)), 413 

ensuring that UV light absorption did not significantly hinder the photocuring process. Furthermore, 414 

based on the s-SNOM observations of the transition interface layer between PTMPTA and CA CDs 415 

(Figure 5D), the heat generated during TMPTA curing could be conducted through this interface. 416 

The transition interface layer also adapted to the disparate thermal expansion coefficients of 417 

PTMPTA and CA CDs, thereby reducing potential thermal stress arising from temperature 418 

fluctuations [43]. This minimized warping and shrinkage, ultimately enhancing the precision of the 419 

printed constructs. A time-dependent curing depth experiment (Figure S10) confirmed that 420 

increasing CA CDs content progressively declined the curing depth and rate, consistent with their 421 

role as light absorbers moderating polymerization kinetics. Photo-DSC analysis (Figure S11) 422 

further demonstrated that CA CDs reduced the exothermic peak during photopolymerization, 423 

corroborating their function in thermal regulation and stress mitigation. Collectively, these effects 424 

enabled precise control over curing dynamics. The 8 wt% CA CDs/PTMPTA formulation exhibited 425 

the optimal balance of curing efficiency, dimensional fidelity, and stress reduction. The 8% CA 426 

CDs/PTMPTA prepolymer ink was then successfully used to fabricate two types of complex 427 

structures: a gyroid structure and a lattice structure (Figure S12) [44], [45]. Both designs were 428 

printed with high precision at different sizes (The large structure has a side length of 2.5 cm and 429 

the small structure has a side length of 0.8 cm), achieving the intended intricate geometries (Figure 430 

7H-I) (The resolution is set as 40 µm for larger printing size, and 10 µm for smaller size). These 431 

results demonstrate that 8% CA CDs/PTMPTA prepolymer ink is highly suitable for high-precision 432 

3D printing and holds significant potential for applications in bone tissue engineering (BTE) [46], 433 

[47], [48], [49]. 434 
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 435 

Figure 7. (A-F): The SEM images of 3D-printed scaffolds of pure TMPTA polymer and CA CDs/TMPTA 436 

composites, and the inset image in the lower right corner of each image is the 3D-printed scaffold. (G): The 437 

absorption spectrum of CA CDs in TMPTA prepolymer (1 g/L (black curve) and 10 g/L（red curve） in TMPTA 438 

prepolymer) compared with the absorption spectrum of CA CDs in deionized water (0.1 g/L (blue curve)). 439 

(H) Two 3D-printed gyroid scaffold fabricated with varying precision levels: the larger scaffolds had a 440 

printing accuracy of 50 microns, while the smaller scaffolds achieved a finer accuracy of 10 microns. (I) 441 

Two 3D-printed lattice structure scaffolds fabricated with varying precision levels: the larger scaffolds had 442 

a printing accuracy of 50 microns, while the smaller scaffolds achieved a finer accuracy of 10 microns. 443 

Inset image is the SEM images of the smaller scaffold. Scale bar of all SEM figures is 500 microns and of 444 

all scaffold pictures in Figure H and I is 1 cm. 445 

 446 

3. Conclusion 447 

In this study, CA CDs were successfully blended into PTMPTA to form a novel composite material 448 

that enhanced the mechanical properties, biocompatibility, and 3D printing accuracy of PTMPTA. 449 

Specifically, the 8 wt% CA CDs/PTMPTA composites demonstrated the best overall performance. 450 

The tensile Young's modulus of the 8 wt% CA CDs/PTMPTA composite was 1.5-fold increase 451 

(363.70 ± 11.96 MPa) to that of pure PTMPTA (240.78 ± 28.42 MPa), while the compressive 452 

Young's modulus and maximum load-bearing capacity increased by 3.5-fold to 18.70 ± 1.32 kN 453 

and 908.68 ± 98.10 MPa. 8 wt% CA CDs/PTMPTA composites exhibited superior cell viability and 454 

cell attachment rates compared to all other weight percentage composites indicating better 455 
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biocompatibility (the cell viability increasing almost 2 times compared to that on pure PTMPTA). 456 

Furthermore, the 8 wt% composition achieved the highest 3D printing accuracy (Pure PTMPTA 457 

failed to replicate the design, while the 8% CA CDs/PTMPTA composite closely matched the target 458 

structure). For the first time, via nano-scale spectroscopy and atomic force microscopy techniques 459 

it was possible to visually observe the interactions of CA CDs with PTMPTA forming a transitional 460 

interface layer, which demonstrated a different chemical structure to pure PTMPTA and pure CA 461 

CDs. All improvements to the novel composite could be attributed to the presence of the transition 462 

interface layer. This interface layer might ensure more uniform stress distribution, mitigate stress 463 

concentration, and strengthen the bonding between CA CDs and the PTMPTA matrix. Furthermore, 464 

the interface layer could alter the crystallinity of the material, facilitating better load transfer. The 465 

interface layer may play a critical role in preventing voids or defects resulting from the 466 

agglomeration of CA CDs. The layer also could inhibit the sliding or separation of aggregates under 467 

pressure, thereby reducing the likelihood of premature failure under load. Combined with the 468 

inherently high modulus of CA CDs (more than 1 GPa according to DMT Modulus in AFM test), 469 

these factors collectively contributed to the significant improvement in the mechanical properties 470 

of PTMPTA. The transition interface layer may also enhance heat dissipation during PTMPTA 471 

curing and accommodate the different thermal expansion coefficients of PTMPTA and CA CDs, 472 

thereby reducing potential thermal stress and improving printing accuracy. Moreover, the UV 473 

absorbance strength of CA CDs in the PTMPTA solution helped mitigate over-curing without 474 

significantly hindering the photocuring process. The 8 wt% CA CDs/PTMPTA composite 475 

demonstrated the capability to produce high-precision scaffolds through SLA 3D printing. 476 

Simultaneously, the incorporation of surface roughness and hydrophilic groups through CA CDs 477 

and the transition interface layer enhanced the surface hydrophilicity of the material (The water 478 

contact angle of the 10% CA CDs/PTMPTA composite is reduced by nearly 20° compared to 479 

PTMPTA). In addition, the presence of CA CDs and transition interface layer also accelerated the 480 

degradation of the composites, indicating their potential bioabsorbability. Combined with the 481 

improved mechanical strength, these factors collectively promoted bone cell adhesion and 482 

proliferation, thereby significantly enhancing the material's overall biocompatibility. Nevertheless, 483 

the inherent limitations of PTMPTA could not be fully eliminated by CA CDs, there is still room for 484 

further enhancement to match the mechanical performance of Weight-Bearing Bones. However, 485 

the insights presented in this study – most notably the formation of a transition interface layer – 486 

could similarly arise in other carbon dot/polymer systems, making the systems promising for future 487 

artificial scaffolds. 488 

 489 

4 Experimental Section 490 

Materials 491 

Critic acid, ethyl acetate, diphenyl (2,4,6-trimethyl benzoyl)-phosphine oxide (photoinitiator)，492 

ethanol, methanol, toluene, 1 M NaOH, phosphate buffer solution (PBS), Dulbecco's modified 493 

eagle's medium (DMEM), L-glutamine, amphotericin B, foetal bovine serum (FBS), 494 

penicillin/streptomycin (P/S), trypsin, MG63 cells were all purchased from Sigma-Aldrich 495 
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(Darmstadt, Germany). Trimethylolpropane triacrylate (TMPTA), Spectra/Por®7 1kD dialysis 496 

membrane and 1M HCL, Calcein Green AM, ethidium bromide, MEM non-essential amino acids 497 

(NEAA) are purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA) and deionized (DI) 498 

water. 499 

Preparation of citric acid CDs (CA CDs) 500 

Citric acids were directly heated and carbonized in microwave (CEM Discover® 2.0 (CEM 501 

Corporation, Matthews, NC, USA)) at 180°C for 5 minutes. Then the liquid mixture was centrifuged 502 

to remove insoluble impurities after cooling down (Thermo Fisher Scientific, Waltham, MA, USA). 503 

The yellow supernatant was collected, added with 1 M NaOH and then neutralized with 1 M HCl. 504 

The neutralized solution was dialysed 24 hours in DI water by a dialysis bag with pore size up to 505 

the penetration of 1 kDa molecular weight. Purified dark brown powdery CA CDs were acquired 506 

from the lyophilization (Labogene Scanvac CoolSafe Basic Freeze Dryer (LaboGene™, Lillerød, 507 

Danmark)) and vacuum drying (Fistreem Vacuum Oven (Fistreem International Ltd, Cambridge, 508 

UK) of the dialysed solution.  509 

Preparation of pure PTMPTA polymer and CA CDs /PTMPTA 510 

composites 511 

The purified CA CDs were mixed with liquidous TMPTA, with mass ratios of CA CDs to TMPTA 512 

selected at 2%, 4%, 6%, 8%, and 10%. Each mixture was dispersed in ethyl acetate until fully 513 

dispersed, then placed in vacuum (Fistreem Vacuum Oven, Fistreem International Ltd, Cambridge, 514 

UK) until the ethyl acetate was completely evaporated, and the left-over liquids were CA 515 

CDs/TMPTA prepolymer solutions. The solutions were added with 2% photoinitiators and irradiated 516 

under 365nm UV light (Dymax BlueWave® FX-1250 High Intensity LED UV Curing Flood Lamp 517 

(Dymax®, Wiesbaden, Germany)) for 90s to produce photocured CDs/PTMPTA composites of 518 

CDs at 2 ,4, 6, 8, 10 wt% respectively.  519 

Preparation of 3D-printed PTMPTA and CA CDs /PTMPTA composites 520 

For 3D printing, scaffold structures were fabricated using the Micro-15 3D Printer (MicroSLA, 521 

Dublin, CA, USA) for small-scale structures and the Mars 3 Pro 3D Printer (ELEGOO, Shenzhen, 522 

China) for larger-scale structures, with CA CDs/TMPTA prepolymer solutions utilized as the printing 523 

inks. The resolution is set as 40 µm for larger printing size, and 10 µm for smaller size, each layer 524 

exposed for 0.5s. The self-designed woodpile structures featured square holes with a side length 525 

of 480 μm and microstructure widths of 100 μm (l × w=480 μm × 100 μm) (Figure S9), while the 526 

cubic vertex centroid lattice structure (referred to as the "lattice structure") and the gyroid structure 527 

were sourced from Thingiverse.com [44], [45] (Figure S10). Modifications to these designs were 528 

made using Autodesk Fusion 360. 529 
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Characterizations 530 

TEM images, SEM images, and particle size distribution of CA CDs were analysed using JEOL 531 

F200 TEM (JEOL Ltd., Tokyo, Japan), FEI Helios Nanolab G3 with Quorum PP3010T cryo-SEM 532 

preparation system (Field Electron and Ion Company, Hillsboro, OR, USA) and Zetasizer Nano 533 

ZS90 Size Analyzer (Malvern Panalytical Ltd., Malvern, UK), respectively. Absorption and emission 534 

spectra of CA CDs were measured with Varian Cary 50 UV-vis Spectrometer (Agilent, Santa Clara, 535 

CA, USA) and Horiba FluoroMax-4 Spectrofluorometer (HORIBA, Ltd., Kyoto, Japan). XRD 536 

analysis was performed using Panalytical Aeris X-ray Diffraction Spectroscopy (Malvern 537 

Panalytical Ltd., Malvern, UK). FTIR spectra were recorded on PerkinElmer Frontier Fourier 538 

Transform Infrared Spectrometer (PerkinElmer, Waltham, MA, USA). XPS spectra were acquired 539 

with Axis Ultra spectrometer using Al Kα X-rays. Tensile tests of PTMPTA and CA CDs/PTMPTA 540 

composites were conducted using MultiTest-dV tester (Mecmesin, Slinfold, UK) with samples laser-541 

cut into dog-bone shapes (1 mm × 2 mm working area) using Laserscript LS3040 (Trotec Laser 542 

GmbH, Boldon, UK). Compression tests were performed on Zwick Röell AllroundLine Z050 543 

(ZwickRoell Ltd., Worcester, UK) using cylindrical samples of around 9.5 mm diameter and 4 mm 544 

height, those machines can directly test the area of samples working areas. Crosslink density was 545 

analyzed by NMR using a Bruker AVIIIHD 400 NMR spectrometer (Blue Scientific Limited, 546 

Cambridge, UK). The surface morphology of 8% CA CDs/PTMPTA was measured using a Bruker 547 

Dimension Icon AFM (Bruker, Santa Barbara, CA), and Nano-FTIR and s-SNOM were performed 548 

using a nanoSCOPE instrument from attocube systems AG (please see SI for more details). Cell 549 

viability tests were conducted on MG63 osteoblasts (P9-P17) cultured on PTMPTA and CA 550 

CDs/PTMPTA composites, using a microplate reader (FLX800, BIO-TEK Instruments, Inc., Agilent, 551 

Santa Clara, CA, USA) with excitation and emission wavelengths of 540 nm and 630 nm, 552 

respectively. Live/dead imaging of cells was performed under a Nikon A1 Confocal microscope 553 

(Nikon Corporation, Tokyo, Japan). Kruss DSA100 Optical Contact Angle Meter (KRÜSS, Bristol, 554 

UK) was used to measure the water contact angle of PTMPTA and CA CDs/PTMPTA composites. 555 

Further details of the characterization methods can be found in the supporting information. 556 
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Support information 740 

Additional Characterization Methods Details 741 

Mechanical test 742 

 743 

Tensile testing of PTMPTA and all composites was conducted using a MultiTest-dV universal 744 

testing machine (Mecmesin, Slinfold, UK). Prepolymer solutions of PTMPTA and its composites 745 

were cast into cylindrical silicone molds (100 mm diameter, 1 mm thickness), and a glass plate 746 

was placed on top to ensure a smooth surface post-curing. The samples were fully cured under 747 

365 nm UV light using a Dymax BlueWave® FX-1250 high-intensity LED flood lamp (Dymax®, 748 

Wiesbaden, Germany) for 90 seconds. Dog-bone-shaped specimens (working area: 10 mm × 2 749 

mm × 1 mm) were then precision-cut from the cured discs using a laser cutter (Laserscript LS3040, 750 

Trotec Laser GmbH., Boldon, UK). All tensile tests were performed using a 250 N load cell at a 751 

constant crosshead speed of 1 mm/min. Ten specimens (n = 10) were tested for each sample 752 

group. 753 

  The compressive properties of PTMPTA and all composites were evaluated using Zwick Roell 754 

AllroundLine Z050 system (ZwickRoell Ltd., Worcester, UK) with a 50 kN load cell. All tests were 755 

performed at a constant crosshead speed of 1 mm/min. The prepolymer solutions were cast into 756 

cylindrical silicone molds (9.5 mm diameter × 4 mm height), with a glass plate placed on top to 757 

ensure a flat curing surface. The samples were fully cured under 365 nm UV light using a Dymax 758 

BlueWave® FX-1250 high-intensity LED flood lamp for 90 seconds. For each material group, five 759 

replicate specimens (n = 5) were tested. 760 

No surface polishing was applied, but the molds and laser cutting produced smooth and uniform 761 

surfaces across all specimens. The working area of all samples was averaged from three 762 

measurements. 763 

 764 

Cross-linking density test 765 

 766 

For cross-linking density test, equal-sized rectangular samples of the composites were prepared 767 

and immersed in toluene for one day, after which excess solvent was removed by gravity. The 768 

samples were then placed into NMR tube and were completely submerged by CDCl3. 400 MHz 1H 769 

nuclear magnetic resonance (NMR) (Burker AVIIIHD 400 NMR spectrometer (Blue Scientific 770 

Limited, Cambridge, UK)) was carried out.  MestReNova software (MestreLab Research, 771 

Santiago de Compostela, Spain) was used to analyze the spectra. The cross-link density was 772 

assessed by comparing the chemical shifts of functional groups across different samples. 773 

 774 

Swelling test 775 

 776 

The composite samples were initially weighed (Wdry) and then fully immersed in deionized water, 777 

PBS (pH = 7.4), and ethanol and incubated at room temperature (25〬C). The samples were 778 

reweighed (Wwet) on day 1, 3, 5, 7, and 9 after removing surface liquid with filter paper. The swelling 779 

ratio was calculated using Eq. (1). 780 
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Swelling Ratio (%) =[(Wwet - Wdry)]/ Wdry◊100                                      (1) 781 

  782 

The nano-FTIR, AFM, and s-SNOM test 783 

 784 

The nano-FTIR, AFM, and s-SNOM data presented in Figure 5 of the main manuscript were 785 

taken using a neaSCOPE s-SNOM setup from attocube systems AG. During the nano-FTIR and 786 

s-SNOM measurements, laser light was focused down onto the tip of an AFM cantilever coated in 787 

metal (ARROW-EFM cantilevers from NanoWorld, Pt/Ir coating) in order to generate surface 788 

excitations in the tip’s surface. These surface excitations are comprised of a strong, confined 789 

electric field component, which is brought into proximity with the sample during tapping mode AFM 790 

operation. This electric field probe interacts with the sample and generates a scattering centre, 791 

which then scatters further incoming light into the detection path of the system. By using an 792 

interferometer setup, with a clean reference mirror in one arm and the AFM system in the other 793 

arm, both the amplitude and phase of the scattered light can be recorded. Demodulating the 794 

measured signal at harmonics of the AFM tapping frequency, as well as moving the reference 795 

mirror (for nano-FTIR – a clean single movement of the mirror along the direction of the 796 

interferometer arm, for s-SNOM – a jittering sinusoidal motion applied to the mirror which adds a 797 

known addition to the lock-in frequency), allows for the complete suppression of background signal 798 

in the measurement data. 799 

AFM parameters: 79kHz tapping frequency, 60-70nm tapping amplitude. The data is levelled to 800 

a plane fit. 801 

Nano-FTIR parameters: The broadband illumination source used was a FemtoFiber dichro 802 

midIR from TOPTICA Photonic, with spectrum setting ‘C’ (output range approximately 900-1900 803 

cm-1). The data demodulated at the second harmonic of tapping frequency is presented. The data 804 

was referenced to a clean measurement of a silicon test sample. A moving average of five points 805 

was applied to smooth the data. 806 

s-SNOM parameters: The illumination source used was a MIRcat-QT from Daylight Solutions 807 

operating at 1115cm-1, and the data demodulated at the third harmonic of tapping frequency is 808 

presented. s-SNOM amplitude data is normalised to the maximum recorded value, and s-SNOM 809 

phase data is offset by the mean recorded value. 810 

 811 

In-vitro degradation test 812 

 813 

The procedures adopted for the study were conducted in accordance with the recommendations 814 

of ISO 10993-13, Biological Evaluation of Medical Devices Part 13: Identification and Quantification 815 

of Degradation Products from Polymeric Medical Devices [1]. Uniformly sized composite discs (160 816 

mg, 15 mm diameter) were prepared and thoroughly rinsed with deionized water to remove 817 

residual prepolymer and photoinitiator from the surface. The samples were first characterized by 818 

FTIR, then immersed in PBS (simulating physiological conditions) and 3% H₂O₂ solution 819 

(simulating oxidative degradation), with a solid-to-liquid ratio of 1 g : 10 ml. Degradation was 820 

conducted at 37 °C for 14 days. Following the degradation treatment, the samples were washed 821 

with deionized water, transferred to clean collection containers, and placed on a Stuart orbital 822 

shaker S1500 (Keison Products, Essex, UK) at 115 RPM for 7 additional days. After the full 21-day 823 

treatment period, the samples were removed, air-dried at room temperature, weighed, and 824 
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analysed again by FTIR. The triplicate of each sample was measured every time. 825 

 826 

Cell culture and seeding on samples 827 

 828 

MG63 osteoblasts (P9-P17) were revived from -80°C freezer. The culture media was based on 829 

Dulbecco’s modified Eagle’s medium (DMEM) and was supplemented with 10% v/v FBS, 1% v/v 830 

L-glutamine, P/S and NEAA and 4% v/v amphotericin B. The cells were incubated at 37°C, 5% 831 

CO2 and were passaged when their confluency under light microscope reached 70% - 80%. The 832 

samples were pre-washed in PBS for 7 days for photo initiator and prepolymer removal and were 833 

laser cut into discs (15 mm diameter, 1 mm thickness). The sample discs were sticked at the bottom 834 

of 24-well plates with non-cytotoxic glue (KingBritish) and disinfected in 70% ethanol aqua solution 835 

and then washed in PBS. The cells’ concentration was calculated with haemocytometer before 836 

seeding and 1× 104 cells were seeded on each sample. 837 

 838 

Cell viability test 839 

 840 

The cell viability on the samples was measured via resazurin reduction assay and seeding on 841 

TCP as positive control. The resazurin sodium salt was dissolved in PBS in the concentration of 842 

25 mg/100 ml as the master stock and was diluted 10 times in culture media as reaction solution. 843 

The MG63 cells were seeded on the scaffolds and the viability was measured on day 1, day 4 and 844 

day 7 by replacing the culture media with reaction solution and incubating in the dark at 37°C for 845 

4 hours. Then 200 μl of the solution in each well was transferred to a 96-well plate and was read 846 

at the excitation and emission wavelengths of 540 nm and 630 nm in microplate reader (FLX800, 847 

BIO-TEK Instruments, Inc., Agilent, Santa Clara, CA, USA). After day 7, all cell-cultured media was 848 

collected for FTIR analysis. The spectra were recorded using a PerkinElmer Frontier Fourier 849 

Transform Infrared (FTIR) spectrometer (PerkinElmer, Waltham, MA, USA), with blank culture 850 

medium on TCP serving as the background reference. 851 

 852 

Live/dead assay 853 

 854 

1× 104 MG63 cells were cultivated on the sample discs for 7 days and the culture media was 855 

replaced every other day. The live/dead staining solution was made by dissolving the Calcein 856 

Green AM in DMSO and dilute the Calcein Green AM DMSO solution and ethidium bromide in 857 

PBS. The staining solution was dropped on the sample surface after removing the culture media 858 

and the cells were incubated for 10 minutes at 37°C. Then the live/dead cells were imaged at 10× 859 

magnification under Nikon A1 Confocal microscope (Tokyo, Japan). 860 

Time-dependent curing depth experiment 861 

 862 

TMPTA and all composite prepolymer solutions were transferred into glass tubes (2 cm in 863 

diameter, 10 cm in height). To ensure unidirectional exposure, the tube caps and side walls were 864 

wrapped in aluminium foil, leaving only the bottom exposed. UV curing was initiated from the base 865 

using a M405L2 UV-mounted LED lamp (Thorlabs Inc., Newton, NJ, USA) with an intensity of 700 866 
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mW/cm² at 405 nm. Samples were irradiated for varying durations (1, 2, 5, 10, 20, and 30 seconds). 867 

Following each exposure, unreacted monomers were removed, and the cured lengths were 868 

measured. For each time point, triplicate measurements were performed and averaged to 869 

determine the mean curing depth. 870 

 871 

Photo-DSC Measurements 872 

 873 

The analysis was conducted using a Pyris Diamond DSC (PerkinElmer, Shelton, CT, USA). A 874 

M405L2 UV-mounted LED lamp (Thorlabs Inc., Newton, NJ, USA; 405 nm, 700 mW/cm²) was 875 

mounted 1 cm above the open sample chamber. Approximately 5 mg of prepolymer sample—876 

TMPTA and all composite prepolymer solutions—was placed in an aluminium DSC pan. The 877 

reference was an empty pan. All measurements were performed at 30°C under a nitrogen 878 

atmosphere. The UV light source was controlled via a Thorlabs development controller and 879 

triggered after a 1-second temperature equilibration. Samples were irradiated for 10 seconds, and 880 

the resulting heat flow was continuously recorded. 881 

 882 

Dynamic light scattering (DLS) 883 

 884 

A Zetasizer Nano ZS90 Size Analyzer (Malvern Panalytical Ltd, Malvern, UK) was used to 885 

analyse the particle size of CA CDs and its aggregation. all composite prepolymer solutions were 886 

prepared and measured the particle size from 0.3nm to 10 microns (diameter) using 90 degree 887 

scattering optics. 888 

Statistical analysis 889 

 890 

Differences between groups were assessed using EXCEL standard deviation analysis (STDEV), 891 

Originlab 2023's and GraphPad Prism one-way Analysis of Variance (ANOVA) test (for mechanical 892 

test, resazurin and water contact angle test), and the results were plotted as mean ± standard 893 

deviation (SD). Significant differences between each experimental group were analyzed. 894 

Significant difference was defined as *p < 0.05. Highly significant differences were defined as **p 895 

< 0.01, ***p < 0.001, and ****p < 0.0001. 896 

 897 

SEM image for 8% CA CDs/PTMPTA composites 898 

 899 

Cryo-scanning electron microscopy (Cryo-SEM) was conducted using the Quorum PP3010T 900 

cryo-SEM preparation system (Quorum Technologies Ltd., Laughton, East Sussex, UK). 901 

Specimens were mounted on a cryo-SEM shuttle, and plunge-frozen in slushed liquid nitrogen. 902 

The shuttle was then transferred to a cooled prep stage (-160 °C) before being loaded onto the 903 

cryo-stage (-160 °C) housed within the SEM chamber for imaging. An anti-contaminator was also 904 
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placed within the chamber at a temperature of -185 °C. 905 

A FEI Helios Nanolab G3 (FEI Company, US) microscope was employed for surface morphology 906 

observations of 8% CA CDs/PTMPTA composites. In contrast to common scanning electron 907 

microscopy (SEM) analysis practice, samples were not pre-treated with a conductive coating by 908 

deposition. An accelerating voltage of 1-2 keV at typical chamber vacuum pressures in the range 909 

of 10−6 mbar and a working distance of 4 mm were chosen to avoid sample damage through 910 

surface charging. An Everhart-Thornley Detector (ETD) was selected for SEM image. 911 

 912 

Additional Experimental and Characterization Details 913 

 914 

1. Characterization of CA CDs 915 

   Upon microwave irradiation the citric acid solution turns yellow and finally orange during its 916 

carbonisation process, which indicates the formation of CA CDs (Figure S1A) [2]. Upon completion 917 

of the reaction, the products are dispersed in water and centrifuged, neutralized and dialyzed to 918 

remove insoluble particles in water and small molecules. The resulting solution is then dried to 919 

obtain CA CDs powder (Figure S1B).  920 

 921 

Figure S1. (A) the synthesis of CA CDs; (B) The production process of CA CDs. 922 

 923 

We explore the chemical structures of the CA CDs, XRD, FTIR, NMR and XPS characterization 924 

of CDs was conducted. In XRD pattern (Figure S2A), the appearance of a broad peak at 925 

approximately 20° further indicates the high degree of graphitization within the CD core. This broad 926 

peak corresponds to a graphite-like structure, with an interlayer distance of 0.44 nm (002). 927 

Compared to the 0.335 nm layer spacing of pure graphite, the increased spacing may be attributed 928 

to the steric hindrance of functional groups at the edges of the sp2-carbon planes or to planar 929 

distortion caused by sp³ carbon within the sp2-carbon domain [3]. Additionally, a minor peak was 930 

observed at 2θ = 43° in the XRD pattern, which corresponds to the (100) plane of graphene with 931 

a lattice fringe spacing of 0.21 nm [4]. 932 

neutralized 
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According to FTIR result (Figure S2B), the peak around 3500 cm-1 is attributed to the O-H 933 

stretching on hydroxyls and phenols. The peaks in the 3000-3100 cm-1 range correspond to the 934 

=C-H stretching vibration of aromatic and alkenes, while those around 2850 cm-1 are associated 935 

with the -C-H stretching vibration of saturated hydrocarbons. The peak at approximately 1688 cm-936 

1 can be assigned to C=O on ketones, aldehydes, carboxylic acids, esters or C=C on alkenes. The 937 

fingerprint region peaks around 1350-1470 cm-1 are indicative of the bending or deformation 938 

vibrations of C-H on methyl and methylene groups, and the region between 1000-1350 cm-1 939 

corresponds to the C-O stretching vibration on alcohol, phenol, ether and carboxylic acid. Peaks 940 

below 1000 cm-1 are attributed to -C-H bending vibration in aromatic hydrocarbon substituents. 941 

The above results revealed the presence of various functional groups on the CA CDs including 942 

hydrocarbons, hydroxyls, carbonyls, esters, and aromatic rings. 943 

For NMR, both 1H and 13C NMR spectroscopy were done to further confirm CA CDs’ structures. 944 

According to 1H NMR (Figure S2C), the signal around 0.8 ppm (a) corresponds to the methyl 945 

hydrogen; The signals around 2.0 ppm (b) can be attributed to CH2 groups adjacent to a carboxylic 946 

group; The signal around 2.8 ppm and 3.0 ppm (c, d) both split into 2 peaks, which can be attributed 947 

to protons on CH groups adjacent to hydroxyl, protons on hydroxyl groups and residual citric acid. 948 

Signals near 3.37 ppm (e) are assigned to CH2 protons connected to ester or ether groups; The 949 

signals between 5.5 to 7 ppm (g, h) correspond to aromatic or unsaturated CH [5]. Figure S2D 950 

presents the 13C NMR spectrum. The signals between 20 and 30 ppm (1) correspond to CH3 951 

groups; Signals around 40 ppm (2) are attributed to CH2 carbons adjacent to sp2-hybridized 952 

carbons or oxygen atoms, while those between 60-80 ppm (3) represents quaternary carbon, C-O 953 

or C-O carbons. Two signals between 130-140 ppm (4, 5) correspond to sp2-hybridized carbons 954 

(C=C) and C=O on aromatic rings. The peaks between 160-180 ppm (6) are indicative of the C=O 955 

on the carboxyl group [6]. The additional peaks observed at 43, 73, 173, and 176 ppm (labelled as 956 

CA) are consistent with residual citric acid, as confirmed by the simulation of the 13C NMR spectrum 957 

of citric acid (Figure S6). The integration of the peaks in the 13C NMR spectra was subsequently 958 

calculated to determine the percentage distribution of carbon atoms in different chemical 959 

environments (Figure S7). As presented in Table S1, the content of sp3 carbon and carbon in C-O 960 

groups was determined to be 37.19%, while sp2 carbon and C=O groups associated with aromatic 961 

rings accounted for 40.22%. Additionally, the carboxyl group carbon constituted 22.59% of the total 962 

carbon content. 963 
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 964 

Figure S2. Structural characterizations of CA CDs: (A) XRD spectrum; (B) FTIR spectrum; (C) 1H-NMR 965 

spectrum and (D) 13C-NMR spectrum recorded in D2O; (E) full XPS survey and high-resolution (F) C 1s and 966 

(G) O 1s XPS spectra; (H) molecular structure model of CA CDs according to previous spectra. 967 
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Table S1 Comparison of carbon group content measured by 13C NMR and C1s XPS spectrum (Left: 13C 968 

NMR; Right: C1s XPS) 969 

13C NMR C1s XPS 

Signal 
Percentage 

of Signal 
Area (%) 

Carbon 
group 

Content of the 
group (%) 

Peaks 

Percentage 
of Signal 
Area (%) 

Carbon 
group 

Content 
of group 

(%) 

1 1.99 

sp3 C 
and C-O 

37.19 

sp3
 13.71 sp3 C 

and C-O 

32.77 2 31.23 

3 3.97 C-O 19.06 

4 25.27 C=O on 
aromatic 
ring and 

sp2 C 

40.22 

sp2
 34.22 

sp2 and 
C=O 

47.53 

5 14.95 C=O 13.31 

6 22.59 

carboxyl 
group C 

22.59 

carboxyl 
group 

19.69 O-C=O 19.69 

 970 

  Figure S2E-G are the XPS patterns, the full survey spectrum (Figure S1E) reveals peaks 971 

corresponding to C1s (284.8 eV) and O1s (532.3 eV), indicating that CA CDs primarily consist of 972 

carbon and oxygen elements. Trace nitrogen peaks are also detected, which may result from 973 

impurities or reactions involving nitrogen in the air during the pyrolysis process; these can be 974 

considered negligible. The high-resolution XPS spectrum of C 1s (Figure S1F), after deconvolution, 975 

reveals four components: sp3 C around 284.5 eV, sp2 (graphitic) C around 285 eV, C-O around 976 

285. 8 eV, and C=O around 287 eV, as well as a carboxyl group and π-π* combined peak around 977 

288.8 eV. Similarly, the O 1s spectrum deconvolution (Figure S1G) identifies two contributions: C-978 

O at 531.8 eV and C=O at 533 eV [6],[7]. Subsequently, the relative composition of each 979 

component was quantified based on the area under the C 1s and O1s curve. Analysis of the C 1s 980 

spectra (Table S1) revealed that the content of sp² carbon was 34.22%, sp³ carbon was 13.71%, 981 

C-O was 19.0%, C=O was 13.31%, and the carboxyl group along with the π-π* contribution 982 

accounted for 19.69%. Similarly, the O 1s spectra indicated that the contributions of C-O and C=O 983 

oxygen were nearly equivalent, comprising 49.34% and 50.66%, respectively. Table 1 presents a 984 

comparison of the carbon group content as measured by 13C NMR and XPS. While some 985 

discrepancies in the values are observed, these differences may be attributed to instrumental and 986 

calculation errors, as well as the presence of residual citric acid. Nevertheless, the variations are 987 

relatively minor. 988 

Based on the above XRD, FTIR, NMR and XPS structural characterization and previous related 989 

literature [3], [9], [10], [11], we proposed a molecular structure model of CA CDs (Figure S2H), and 990 

CA CDs molecules might underwent π-π stacking interactions, forming integrated structures 991 

resembling graphite or pyrolytic carbon [4]. Single CA CDs molecule consisted of at least 19 fused 992 

aromatic rings, resulting in a molecular weight that can exceed 1 kDa. This is consistent with the 993 

1 kDa molecular weight cutoff of the dialysis bag used for purification. The core of the CA CD 994 

consisted of a polycyclic aromatic hydrocarbon (PAH) structure, with its surface functionalized by 995 

various groups. 996 

 997 

 998 
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2. Synthesis of CA CDs /PTMPTA composites 999 

To obtain CA CDs /PTMPTA composites, the purified CA CDs were mixed with the TMPTA 1000 

prepolymer solution, at the mass ratio of 0%, 2%, 4%, 6%, 8% and 10% to PTMPTA. The mixtures 1001 

were initially thoroughly dispersed in ethyl acetate (Figure S3A), and then placed in the vacuum 1002 

until ethyl acetate was fully evaporated, the resulting uniformly mixed CA CDs/PTMPTA prepolymer 1003 

was subsequently cured under 365nm UV lamp for 90s, forming the final composites (2% CA 1004 

CDs/PTMPTA composites, 4% CA CDs/PTMPTA composites, 6% CA CDs/PTMPTA composites, 1005 

8% CA CDs/PTMPTA composites, and 10% CA CDs/PTMPTA composites). Upon observation, the 1006 

colour of the prepolymer solution and the cured composites progressively turned more yellow as 1007 

the concentration of CA CDs increased, suggesting that the CA CDs were successfully integrated 1008 

into the PTMPTA matrix (Figure S3B and S3C from left to right).  When the CA CDs content 1009 

exceeded 8%, precipitation occurred in the solution, rendering it turbid, and the sample disk 1010 

becomes opaque, with visible solid aggregates of CA CDs embedded within the composites. This 1011 

indicates that 8% CA CDs is the maximum concentration that can be uniformly dispersed within 1012 

the composites. 1013 

 1014 

 1015 

Figure S3. (A) different ratio of CA CDs and TMPTA prepolymer dispersed in ethyl acetate (from left to 1016 

right: 2% CA CDs, 4% CA CDs, 6% CA CDs, 8% CA CDs, 10% CA CDs and TMPTA in ethyl acetate). (B) the 1017 

ethyl acetate was removed, and left CA CDs well dispersed in TMPTA prepolymer (from left to right: 2% CA 1018 

CDs, 4% CA CDs, 6% CA CDs, 8% CA CDs, 10% CA CDs and TMPTA). (C) PTMPTA and CA CDs/PTMPTA 1019 

composites were made after photocuring (from left to right: PTMPTA, 2% CA CDs /PTMPTA composites, 4% 1020 

CA CDs /PTMPTA composites, 6% CA CDs /PTMPTA composites, 8% CA CDs /PTMPTA composites, 10% 1021 

CA CDs /PTMPTA composites). (D) The process flow of making CA CDs/PTMPTA composites. 1022 

 1023 

3. Characterization of swell ratio of CA CDs /PTMPTA composites 1024 

The swelling behaviour of the scaffolds is also a crucial indicator for in vivo grafts. The swelling 1025 

rate significantly impacts the overall performance and efficacy of the scaffolds [12]. Figure S4A-C 1026 

illustrates the swelling rate of materials over time when immersed in ethanol, deionized water (DI) 1027 

and PBS respectively. The data indicate that the swelling rate increases with time, reaching a 1028 

maximum and stabilizing on the 7th day. Generally, the swelling rate of materials is inversely 1029 

related to their crosslinking density; that is, a higher the swelling rate indicates a lower crosslinking 1030 
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density [13]. Consequently, we compared the swelling rate with the cross-linking density, revealed 1031 

that 2% CA CDs/PTMPTA composites, which exhibit the highest cross-linking density, also 1032 

demonstrate the lowest swelling rate. Conversely, the 10% CA CDs/PTMPTA composites, 1033 

characterized by the lowest cross-linking density, show the highest swelling rate. However, 1034 

although the cross-linking density of 4% and 6% CA CDs/PTMPTA composites is higher than that 1035 

of PTMPTA, the observed swelling rates are contrary to expectations. This anomaly may be 1036 

attributed to the aggregation of CA CDs within the polymer matrix and their contribution to the 1037 

overall hydrophilicity of the composites, which facilitates liquid ingress and consequently enhances 1038 

swelling [14]. Water contact angle measurements (Figure 6K) confirmed an increase in 1039 

hydrophilicity with increasing CA CDs content. In addition, SEM images of the composites (Figure 1040 

S13) revealed pronounced aggregation of CA CDs on the surface, with higher CD content leading 1041 

to more extensive and larger clustering. Compared to all the materials tested in various liquid 1042 

(Figure S4D), the highest swelling rate observed is approximately 21.5% for the 10% CA 1043 

CDs/PTMPTA composites in ethanol. In PBS, the maximum swelling rate for the 10% CA 1044 

CDs/PTMPTA composites is around 14%, with other materials exhibiting swelling rates of 10% or 1045 

lower. These results indicate that all composites possess relatively low swelling properties [15].  1046 

 1047 

Figure S4. Changes in swelling rates of PTMPTA and CA CDs/PTMPTA composites in (A) ethanol, (B) 1048 

deionized water and (C) PBS were measured within 9 days. (D): Compared the swelling rate (%) of PTMPTA 1049 

and CA CDs/PTMPTA composites in ethanol, deionized water, PBS at 9 days.  1050 

 1051 
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 1052 

Supplementary Figures and Tables 1053 

 1054 

Figure S5. Partially enlarged views of the FTIR spectra of PTMPTA and CA CDs/PTMPTA composites: (A) 1055 

The peaks at 2925 cm-1 and 2850 cm-1. (B) The peak at 1460 cm-1.  (C) The peak at 3440 cm-1. (D) The peak 1056 

at 1722 cm-1. (E) The peaks at 1260 cm-1 and 1115 cm-1
 1057 

 1058 

 1059 

 1060 

 1061 

Figure S6. Predicted C NMR spectra of citric acid 1062 

 1063 
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 1064 

Figure S7. Integration analysis of 13C NMR of CA CDs 1065 

 1066 

Figure S8. FTIR spectra of cell-cultured media after 7days cell viability test. 1067 
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 1068 

Figure S9. (A) The self-designed woodpile structure and (B) its top view, marking the square holes with a 1069 

side length of 480 μm and microstructure widths of 100 μm (l × w = 480 μm × 100 μm) 1070 

 1071 

 1072 
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 1073 

Figure S10. Photocuring depth of PTMPTA and all composites’ samples upon 405 nm UV irradiation for 1074 

different time. Light intensity was 700 mW/cm2. 1075 
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 1076 

Figure S11. Photo DSC of PTMPTA and all composites prepolymer solutions under 405 nm UV light. 1077 

Amount on sample in the pan was 5 mg. Measurements were taken under nitrogen. Light intensity was 1078 

700 mW/cm2. 1079 

 1080 

 1081 

 1082 
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 1083 

Figure S12. (A) The original cubic vertex centroid lattice structure ("lattice structure") and (B) the gyroid 1084 

structure model for 3D printing 1085 

 1086 

 1087 

Figure S13. DLS test for particle size distribution of CA CDs in prepolymer solutions of all composites. 1088 

 1089 

 1090 
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Table S2 Tensile Young’s modulus of each sample of composites and PTMPTA 1091 

 Tensile 

modulus for 

PTMPTA 

(MPa) 

Tensile 

modulus for 

2% CA 

CDs/PTMPTA 

composites 

(MPa) 

Tensile 

modulus for 

4% CA 

CDs/PTMPTA 

composites 

(MPa) 

Tensile 

modulus for 

6% CA 

CDs/PTMPTA 

composites 

(MPa) 

Tensile 

modulus for 

8% CA 

CDs/PTMPTA 

composites 

(MPa) 

Tensile 

modulus for 

10% CA 

CDs/PTMPTA 

composites 

(MPa) 

1 190.735 306.463 402.373 416.805 375.452 351.227 

2 294.536 304.931 360.272 408.506 364.449 435.849 

3 225.065 307.505 360.207 430.572 369.063 437.048 

4 244.281 255.516 340.259 426.368 336.321 373.452 

5 276.05 280.949 329.314 390.17 352.765 380.723 

6 234.709 309.963 363.12 386.996 375.452 350.761 

7 225.05 285.888 415.844 355.61 369.063 430.83 

8 232.176 260.207 365.584 381.189 358.862 415.499 

9 240.777 294.48 357.282 444.767 371.426 341.218 

10 244.393 302.835 309.885 371.22 364.17 384.15 

average 240.7772 290.8737 360.414 401.2203 363.7023 390.0757 

 1092 

 1093 

 1094 

 1095 

Table S3 Compression Young’s modulus of each sample of composites and PTMPTA 1096 

 Compression 

modulus for 

PTMPTA (Pa) 

Compression 

modulus for 

2% CA 

CDs/PTMPTA 

composites 

(Pa) 

Compression 

modulus for 

4% CA 

CDs/PTMPTA 

composites 

(Pa) 

Compression 

modulus for 

6% CA 

CDs/PTMPTA 

composites 

(Pa) 

Compression 

modulus for 

8% CA 

CDs/PTMPTA 

composites 

(Pa) 

Compression 

modulus for 

10% CA 

CDs/PTMPTA 

composites 

(Pa) 

1 2.68767◊10
8
 4.24328◊10

8
 5.79987◊10

8
 6.79615◊10

8
 1.01637◊10

9
 4.94607◊10

8
 

2 2.94933◊10
8
 4.34545◊10

8
 5.91994◊10

8
 7.70838◊10

8
 9.99498◊10

8
 1.04613◊10

8
 

3 1.83065◊10
8
 4.16019◊10

8
 6.22531◊10

8
 7.4173◊10

8
 9.02662◊10

8
 1.79859◊10

8
 

4 2.92963◊10
8
 4.24437◊10

8
 5.51577◊10

8
 7.88737◊10

8
 8.05973◊10

8
 1.84769◊10

8
 

5 2.56002◊10
8
 4.46104◊10

8
 5.52181◊10

8
 7.11541◊10

8
 8.18884◊10

8
 1.13212◊10

8
 

average 2.59146◊10
8
 4.29087◊10

8
 5.79654◊10

8
 7.38492◊10

8
 9.08678◊10

8
 2.15412◊10

8
 

 1097 

Table S4 Compression load-bearing capacity of each sample of composites and PTMPTA 1098 

 Compression 

max force for 

PTMPTA (N) 

Compression 

max force for 

2% CA 

CDs/PTMPTA 

composites 

(N) 

Compression 

max force for 

4% CA 

CDs/PTMPTA 

composites 

(N) 

Compression 

max force for 

6% CA 

CDs/PTMPTA 

composites 

(N) 

Compression 

max force for 

8% CA 

CDs/PTMPTA 

composites 

(N) 

Compression 

max force for 

10% CA 

CDs/PTMPTA 

composites 

(N) 

1 5490 8058 10050 15599 19412 3998 
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2 5411 8132.9 12115 14430 17768 3358.3 

3 4508.8 6990.8 12195 14785 17860 3135 

4 5513.9 7098.48 9913.84 15459 20703 3835 

5 6019.7 8393.3 12444.8 14737 17747.9 2263 

average 5388.68 7734.696 11343.728 15002 18698.18 3317.86 

 1099 

Table S5 The print resolution of composites and PTMPTA 1100 

TARGET (l × w=480 μm × 100 
μm) 

l (μm) w (μm) 

PTMPTA - - 
2% CA CDS/PTMPTA COMPOSITES - - 
4% CA CDS/PTMPTA COMPOSITES 258.2 ± 59.1 571.2 ± 74.5 

6% CA CDS/PTMPTA COMPOSITES 426.8 ± 11.8 163.7 ± 15.5 

8% CA CDS/PTMPTA COMPOSITES 476.3 ± 14.3 117.4 ± 13.3 

10% CA CDS/PTMPTA COMPOSITES - - 

- : Unable to replicate the designed structure. 1101 
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