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Abstract 15 

Two vat polymerization techniques were evaluated to print innovative hydrogel scaffolds for tissue 16 
engineering, from aqueous photo-crosslinkable formulations based on methacrylated 17 
carboxymethylcellulose (mCMC). A first formulation containing 2 wt% mCMC with a methacrylation 18 
degree (DM) of 34 % and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as photoinitiator 19 
was specifically developed for Digital Light Processing (DLP). Considering their viscoelastic properties 20 
measured by shear rheology, the DLP-printed hydrogels were proposed for soft tissue repair. 21 
Interestingly, the swelling ratio and shape of the printed hydrogels were found to be preserved when 22 
immersed in a physiological environment. While DLP-printed hydrogels demonstrated impressive X- 23 
and Y-resolutions (85 µm), they were limited in producing hollow objects in the Z direction. To address 24 
this limitation, the 3D printing of complex mCMC hydrogels through Two-Photon Polymerization 25 
(TPP) was investigated for the first time, using a second formulation composed of 4 wt% mCMC (DM 26 
= 50 %). 3D scaffolds with cavities of 30 µm were successfully printed with a resolution of 10 µm, 27 
paving the way for the design of scaffolds with controlled and precise structures, for soft tissue 28 
engineering. 29 

3D printing, carboxymethylcellulose, photo-crosslinking, hydrogel, scaffold, biomedical applications.  30 
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1. Introduction 45 

Hydrogels are water-containing crosslinked polymer networks that have emerged as promising materials 46 
in biomedical applications due to their unique biocompatibility, tunable mechanical properties and 47 
ability to absorb and retain water [1]. In addition, these matrices closely mimic the physiological 48 
environment, making them ideal for drug delivery, tissue engineering and wound healing [2–5]. Indeed, 49 
their ability to encapsulate bioactive molecules and promote cell growth and tissue regeneration makes 50 
hydrogels essential for progress in biomedical research and clinical therapies [6]. 51 

However, one of the main challenges in the formation of hydrogels for medical applications lies in their 52 
often crude shaping and, therefore in the necessity to develop processing methods to faithfully reproduce 53 
the complexity of the human environment and tissues [7,8]. To this end, additive manufacturing is 54 
widely considered, as it enables the 3D printing of complex layered hydrogel structures from digital 55 
models [9–11]. Additive manufacturing processes have been successfully applied to shape hydrogels 56 
for medical applications, such as scaffolds for tissue engineering [12], biosensor systems [13] and tumor 57 
models for drug testing [14]. Two categories of additive manufacturing processes have been used to 58 
print hydrogels. The first category includes extrusion printing [15–17] and inkjet printing [9] 59 
technologies, requiring specific ink rheological properties and a robot-controlled print head. Another 60 
3D printing categories called “vat polymerization” relies on the control of the print trajectory by light 61 
to initiate the photo-crosslinking of a liquid resin layer by layer, creating a 3D object. Vat polymerization 62 
includes several techniques such as Digital Light Processing (DLP) [18,19] and Two-Photon 63 
Polymerization (TPP or 2PP) [20]. DLP is based on the projection of a pattern of UV light onto the resin 64 
surface to crosslink the photosensitive resin selectively. TPP alternatively uses focused ultrashort laser 65 
pulses to induce polymerization at a precise focal point in the resin, enabling the construction of highly 66 
detailed and complex 3D structures [21]. 67 

In the case of 3D-printed hydrogels using vat polymerization techniques, the most widely studied 68 
polymers for biomedical applications are gelatin (a protein-based material) [22] or polyethylene glycol 69 
[23], previously functionalized with light-sensitive groups such as (meth)acrylates or norbornenes [7]. 70 
Similarly, polysaccharides are increasingly studied for hydrogel design due to their biocompatibility, 71 
biodegradability, natural abundance and their ability to be chemically modified to modulate their 72 
properties for specific applications [2,24]. In this context, photo-crosslinkable polysaccharides such as 73 
pullulan [25], hyaluronic acid (HA) [26,27], chitosan [28,29] or carboxymethylcellulose (CMC) [30,31] 74 
have been synthesized for 3D printing of hydrogels, but are still underutilized [32]. Using DLP, 75 
hydrogels with relatively poor resolutions in the X- and Y-directions were obtained from norbornene-76 
modified HA (∼100 µm) [27] or methacrylated CMC (> 500 µm) [30]. In any case, DLP seemed 77 

somewhat limited for the printing of hollow hydrogels due to the UV beam transmission through the 78 
hydrogel layers, even in the presence of a photoabsorber [30,31]. On the other hand, very interesting 79 

resolutions of ∼5 µm and ∼10 µm were obtained for TPP-printed hydrogels from UV-crosslinkable 80 
formulations based on methacrylated HA [26] and chitosan [28], respectively. Indeed, using inert visible 81 
light only leads to photo-crosslinking at the beam focal point, making TPP ideal for printing detailed 82 
hydrogel scaffolds. 83 

In short, 3D printing of CMC-based hydrogels seemed quite limited using DLP and has never been 84 
tested using TPP yet. However, CMC is more affordable and more available than much of other 85 
polysaccharides. Moreover, its solubility in water and its numerous hydroxyl groups facilitate its 86 
chemical modification in aqueous media [33]. Consequently, the development of 3D-printable CMC-87 
based hydrogels is of great interest for biomedical applications such as drug delivery [34] or tissue 88 
engineering [35].  89 

In the present work, DLP and TPP technologies have been considered to print hydrogels with complex 90 
shapes from methacrylated CMC (mCMC) formulations. Both techniques were evaluated to particularly 91 
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design an hydrogel scaffold with appropriate dimensions to promote cell growth required for soft tissue 92 
repair [37].  93 

2. Materials and methods 94 

2.1. Materials 95 

Methacrylic anhydride (MA) containing 2,000 ppm topanol A as inhibitor, 2-hydroxy-4′-(2-96 
hydroxyethoxy)-2-methylpropiophenone (I2959 also known as Irgacure® 2959), deuterium oxide 97 
(D2O), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), phosphate-buffered salt solution 98 
(PBS, pH = 7.4), Bind-Silane (Methacryloxypropyltrimethoxysilane) and anhydrous sodium hydroxide 99 
pellets were purchased from Sigma Aldrich (France) and used as received. Sodium salt of CMC 100 
(NaCMC, reference BLANOSE 7LP EP, a kind gift from Ashland, France) with a weight-average molar 101 
mass of 90.5 kg.mol-1 and a degree of substitution of 0.7 was also used as received.  102 

2.2. Methacrylation of carboxymethylcellulose  103 

Methacrylated carboxymethylcellulose (mCMC) was synthesized as previously reported [36]. NaCMC 104 
was solubilized at 2 wt% in deionized water at room temperature under mechanical stirring at 2,000 105 
rpm, with an anchor-shaped glass pall. MA was then added dropwise to the CMC solution with molar 106 
ratios of 1.24 and 2.48 between MA and CMC hydroxyl groups (MA/OH). The reaction was continued 107 
for 2 h at room temperature. During the reaction, the pH was constantly adjusted to 8 with a 10 M NaOH 108 
solution. The resulting mixture was purified for 14 days by dialysis against deionized water using a 109 
cellulose mixed-ester membrane (MWCO = 12-14 kg/mol; Roth, Germany). Then, the mCMC product 110 
was freeze-dried for 5 days with a CHRIST Beta 2-8 LS plus lyophilizer (Martin Christ 111 
Gefriertrocknungsanlagen, Germany). Depending on the selected MA/OH ratio (1.24 or 2.48), mCMC 112 
with respective degrees of methacrylation (DM) of 34 ± 4 % or 50 ± 5 % were obtained, according to 113 
NMR measurements (Figure S1). Qualitative evaluation of the methacrylation was also performed by 114 
FT-IR spectroscopy (Figure S2).  115 

2.3. Preparation and photo-crosslinking of aqueous mCMC formulations 116 

The freeze-dried mCMC samples were dissolved at 2 or 4 wt% in deionized water at 50 °C, during 12h 117 
under magnetic stirring (Table 1). These concentrations were defined considering the mCMC solubility 118 
in water and the viscosity of the formulations [36]. Two different water-soluble and non-toxic 119 
photoinitators (PI) were used [38], depending on the considered 3D techniques, using a constant molar 120 
ratio compared to the number of moles of methacrylates (MA) in solution (nPI/nMA = 0.55). LAP 121 
absorbing at 385 nm, and I2959 absorbing at 266 nm, were chosen for DLP and TPP formulations, 122 
respectively. The considered photo-initiator was added after complete solubilisation of mCMC. The 123 
formulations were first placed in an ultrasound bath for 20 min, then under stirring during 12 h before 124 
printing. The influence of the concentrations and the DM of the considered mCMC on the properties of 125 
photo-crosslinked hydrogels have been discussed in a previous paper [36]. 126 

Table 1. Composition of the photo-crosslinkable mCMC formulations containing I2959 or LAP as photoinitiator. 127 

Formulation 

mCMC Photoinitiator Water 
3D 

technique 
DM 

(%) 

Concentration 

(wt%) 
Name 

Concentration 

(wt%) 

Concentration 

(wt%) 

LAP-2 34 ± 4 2 LAP 0.15 97.85 DLP 

IRG-4 50 ± 5 4 I2959 0.40 95.60 TPP 

 128 

  129 
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2.4. Hydrogel printing with Digital Light Processing (DLP) 130 

Hydrogels were 3D-printed from the LAP-2 formulation using an Asiga MAX DLP printer (Asiga, 131 
Australia), having a UV light source emitting at 385 nm, and at an irradiance of 18 mW/cm². The Asiga 132 
MAX printer allows minimal theoretical resolutions of 62 µm (X- and Y-axes) and 1 µm (Z-axis), 133 
corresponding to the resolution of each projected pixel, and the height modulation of the build platform, 134 
respectively. Before printing, computer-aided design (CAD) models were drawn using the SolidWorks 135 
software (Dassault Systèmes, France), or directly upload from the Thingiverse database. The 136 
corresponding .STL file was then converted using the Composer software (Asiga, Australia). The 137 
structure of the objects was chosen to define the printing parameters and the maximum achievable 138 
resolutions. 139 

For each printed part, the exposure time was 5 s for the first layer and 4 s for the subsequent layers. 140 
Circular hydrogels of 15 mm diameter and 4 mm thick (Model A), were first printed with layers of 100 141 
(A1), 250 (A2), or 500 µm (A3). Other printed objects were: (Model B, Figure 2a) a four-stage pyramid 142 
with dimensions of 14 x 14 x 8 mm3 (L x W x H) and a step height and width of 2 mm; (Model C, Figure 143 
2b) a conical structure on a flat base, with dimensions of 19.82 x 10.48 x 9.75 mm3 (L x W x H), and 144 
cones of 3 mm in height, on cylinder bases of 3 mm in diameter and 1 mm in height; (Model D, Figure 145 
2c) a gear with external and internal diameters of 22.97 and 7.5 mm respectively, and a height of 11.00 146 
mm; (Model E, Figure 2d) a flat grid with dimensions of 5.4 x 5.4 x 0.81 mm3 (L x W x H), featuring 147 
81 channels with diameter of 340 µm and wall thickness of 200 µm. The layer thickness was optimized 148 
depending on the objects to be printed, as discussed later. 149 

The printed hydrogels were then rinsed with water and underwent UV post-curing for 3 minutes in a 150 
TwinCure UV tank (Medifive, South Korea), composed of a turntable surrounded by 7 dual-wavelength 151 
UV LEDs emitting at 365 nm and 405 nm, with an irradiance of 6 mW/cm². The effect of post-curing 152 
was studied through hydrogel characterization. The hydrogels were then captured using a Galaxy S20 153 
FE smartphone (Samsung, South Korea) or a VHX-7000 digital microscope (Keyence, France). Finally, 154 
hydrogels were placed in an aluminum basket, filled with liquid nitrogen and freeze-dried overnight 155 
with the same lyophilizer to yield cryogels.  156 

2.5. Hydrogel printing with Two-Photon Polymerization (TPP) 157 

Hydrogel 3D-printing through TPP was carried out using the μFab3D.Advanced printer from Microlight 158 
3D (France). It is equipped with an inverse microscope featuring an air lens with X20 magnification 159 
(Olympus, France) and a 0.8 NA numerical aperture. A 3D piezoelectric stage moving up to 300 µm 160 

along the X-, Y- and Z-axes, positions the focal point of the laser in a small volume (∼1 μm3) called a 161 
voxel. The μFab3D.Advanced laser generates green femtosecond pulses at λ = 532 nm with a maximum 162 

power of 20 mW. A maximum resolution of ∼200 nm can be achieved depending on the printed material 163 
and conditions. The Luminis software (Microlight 3D, France) was used to design the objects to be 164 
printed.  165 

Scaffolds shaped hydrogels (Model F, Figure 5a) with dimensions of 160 x 120 x 60 µm3 (L x W x H) 166 
and well shaped hydrogels (Model G, Figure 5b) with dimensions of 50 x 50 x 50 µm3 (L x W x H) were 167 
printed as described. First, a drop of mCMC-based formulation was placed on a clear glass slide, 24 mm 168 
square and 150-170 µm thick, pre-treated with Bind-Silane to enable the hydrogel adhesion to the slide. 169 
The latter was then fixed to the stage. For photo-crosslinking, the laser power was set to 4 mW and the 170 
printing speed to 187.5 μm.s-1, inducing an exposure time of 2 s. With these parameters, the theoretical 171 
voxel height was 7 µm. Hydrogel images were first captured on the post-print TPP computer with the 172 
0.8 NA x20 lens (Olympus, France). Residual formulation was removed by washing the sample for 1 173 
minute in a PBS solution. Next, the hydrogel was post-cured with a UV lamp emitting at 274 nm (UV 174 
701435, Jeulin, France), then dried under air or with an absorbent sheet. Post-development images of 175 
the printed hydrogels were taken using an optical microscope (Olympus, France) with x100 176 
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magnification, a Dino-lite (RS AM4815ZTL, Dino-lite, France) with x232.9 magnification, and a digital 177 
microscope without eyepiece (RYECOCAM, Switzerland). 178 

2.6. Characterization techniques 179 

2.6.1. 1H NMR spectroscopy 180 

1H NMR spectroscopy was used to quantify the degree of methacrylation (DM) of the mCMC samples. 181 
4.5 mg of mCMC was dissolved in 650 µL of D2O at 50 °C for 12 h using a ThermoMixer C (Eppendorf, 182 
Germany). All 1H NMR spectra were recorded on a Spectrospin 300 MHz spectrometer (Bruker, 183 
Germany) at 25 °C from 64 successive scans with a relaxation time D1 of 3 s.   184 

2.6.2. Scanning electron microscopy (SEM)  185 

SEM was used to investigate the cryogel morphology and measure the pore size distribution. Samples 186 
were fractured horizontally and pasted on metallic stubs with carbon cement, fractured and sputter-187 
coated with Au/Pd. Secondary electron images were recorded with a FEI Quanta 250 (Thermo Fisher 188 
Scientific, US) scanning electron microscope equipped with a field emission gun operating at 2.5 kV. 189 
All pores were observed on the fractured surface. The pore size was determined by image treatment with 190 
the ImageJ software. Horizontal or vertical lines were drawn on each pore giving the average pore size. 191 
This procedure was performed on 25 pores per image and 4 images per sample. Pores whose walls were 192 
broken by the cutting method were not measured. 193 

2.6.3. Swelling ratio 194 

Swelling tests were performed on hydrogels printed by DLP in 250 µm layers and then further post-195 
cured for 3 minutes, and on the corresponding cryogels. For each swelling experiment, three independent 196 
measurements were performed on three different samples. The samples were immersed in deionized 197 
water or in PBS at 37 °C in an oven. The swollen hydrogels or the rehydrated cryogels were regularly 198 
weighed. These steps were repeated until mass equilibrium was reached to determine the swelling ratio 199 
(SR) according to Eq. 1. 200 

𝑆𝑅 (𝑡) = 𝑤𝑡/𝑤0          Eq. 1 201 

where w0 is the initial weight of the considered initial hydrogel or the corresponding cryogel, and wt is 202 
the weight of the swollen hydrogel or the rehydrated cryogel at measurement time t. 203 

2.6.4. Rheology measurement  204 

All rheology measurements were performed using a Kinexus Pro+ parallel plate rheometer (Netzsch, 205 
Germany). 206 

First, real-time rheology measurements were performed during UV photo-crosslinking, manually 207 
controlled using a UFIBER-COL UV fiber lamp 385 nm (UWAVE, France). The photo-crosslinkable 208 
mCMC-based formulations were deposited on a UV-transparent quartz plate. The mobile plane had a 209 
diameter of 20 mm and the gap between this plane and the quartz plate was 0.2 mm. The UV lamp was 210 
placed underneath the quartz plate at a distance allowing an exposure of 2 cm in diameter with an 211 
average power density of 18 mW.cm-². The elastic (G') and viscous (G'') shear moduli were measured 212 
over time with a 5 % strain, at 0.1 Hz and at room temperature. After 1 minute of stabilization without 213 
UV irradiation, the radiation was turned on during 4 minutes. The experiments were carried out on three 214 
different samples. 215 

Hydrogels printed with DLP were also characterized. Frequency sweep measurements were performed 216 
at a constant temperature (25 °C) from 0.1 to 10 Hz. According to preliminary amplitude sweep 217 
measurements, all tests were carried out in the linear viscoelastic region at 1 % strain. The gap between 218 
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the plate and the mobile plane (20 mm diameter) was set to 0.6 mm. All the experiments were carried 219 
out on three different samples. 220 

3. Results and discussion 221 

3.1. Evaluation of photo-crosslinking kinetics of CMC-based hydrogel for DLP printing 222 

The LAP-2 formulation containing 2 wt% of mCMC with a DM of 34%, and 0.15 wt% of LAP (Table 223 
1), was evaluated for the 3D printing of hydrogels using DLP. This formulation was selected because 224 
its low viscosity makes it suitable for DLP additive manufacturing [39]. Given that LAP has no toxic 225 
effect [38], the LAP-2 formulation is expected to lead to biocompatible hydrogels. Indeed, previous 226 
hydrogels obtained with the same mCMC composition and with Irgacure 2959 as photoinitiator were 227 
proved to be non-cytotoxic [40].  228 

The photo-crosslinking kinetics of this formulation was first characterized by real-time rheology to 229 
provide essential information about the exposure time required using vat polymerization techniques 230 
(Figure 1a). In these experiments, after 60 s of stabilization of the elastic (G') and viscous (G") shear 231 
moduli, the application of UV light led to a progressive increase of both G’ and G” values until reaching 232 
a solid-like behavior (G’ > G”). Considering the intersection between the G' and G" curves, a gelation 233 

time of 2.7 ± 0.10 s seconds was measured for the LAP-2 formulation, in good agreement with Melilli 234 

et al. who reported a 2 s gelation time for an equivalent formulation containing 2 wt% mCMC with a 235 
DM of 60 % [30]. It is well established that for UV-curable resins used in vat polymerization techniques, 236 
the insolation time for each layer must be at least equal to the gelation time in order for the layer to be 237 
rigid enough to be selfstanding [41]. Knowing that, and after printing optimization of each layer, the 238 
exposure duration for the first layer of each printed part was set at 5 seconds to achieve a hydrogel rigid 239 
enough to adhere to the platform during printing and capable of supporting the final structure after 240 
removal from the build platform. For the subsequent layers, the exposure duration was set at 4 seconds, 241 
corresponding to the minimum duration to prevent the collapse of the printed structure. 242 
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 243 

Figure 1. (a) Evolution of the elastic (G’) and viscous (G’’) shear moduli with the insolation time under UV light 244 
(385 nm) during real-time rheology measurements, for the LAP-2 formulation containing 2 wt% mCMC with a 245 
DM of 34 %, and 0.15 wt% LAP. Elastic (G') (b) and viscous (G'') (c) shear moduli measured between 0.1 and 246 
10 Hz and at 1% strain at 25 °C, for 4 mm-thick hydrogels printed from the LAP-2 formulation. Exposure times 247 
were 5 s for the first layer and 4 s for subsequent layers. Thicknesses were 500 µm for the first layer and 100 µm 248 
(36 layers, A1), 250 µm (15 layers, A2) and 500 µm (8 layers, A3) for subsequent layers. Measurements were 249 
performed before and after a 3 min UV post-curing (365 nm + 405 nm, 6 mW.cm-²). 250 

Using these exposure durations, cylindrical hydrogels (Model A) were printed using layer thicknesses 251 
of 100 µm (A1), 250 µm (A2) or 500 µm (A3). Considering the total thickness of 4 mm for the hydrogels 252 
and a constant thickness of 500 µm for the first layer, the number of printed layers was 36, 15 or 8, 253 
respectively. The viscoelastic properties of all cylindrical hydrogels as printed (A1, A2, A3) and after 254 
post-curing (A1C, A2C, A3C) was then investigated, to evaluate the time required for maximum 255 
crosslinking (Figure 1, Supporting information Figure S3). First, for all studied hydrogels, the elastic 256 
shear modulus (G') was always higher than the viscous shear modulus (G’’) over the studied frequency 257 
range (0.1-10 Hz), reflecting the predominantly solid-elastic behavior of hydrogels. Very interestingly, 258 
for as printed hydrogels before post-curing, the G’ and G’’ moduli increased with the number of printed 259 
layers (Figure b,c). For example, at 1 Hz, G' moduli of 550 ± 160 Pa, 2400 ± 310 Pa and 4100 ± 440 Pa 260 
and G’’ moduli of 45 ± 12 Pa, 290 ± 74 Pa and 980 ± 130 Pa, were measured for hydrogels A3, A2 and 261 
A1 consisting of 8, 15 and 36 layers, respectively. This could be explained by differences in total 262 
insolation time and, therefore, in the crosslinking density of the hydrogels. As an example, at the end of 263 
the hydrogel printing, the total insolation time of the first layers was estimated to 33 s, 61 s and 145 s, 264 
for hydrogels A3, A2 and A1, respectively. The viscoelastic properties of all hydrogels were also 265 
measured after post-curing. It was observed that a post-curing of 3 minutes at 6 mW.cm-² was sufficient 266 



 

8 

 

to complete crosslinking. Indeed, this post-curing duration allowed to reach maximum G’ and G’’ 267 
moduli, regardless of the number of printed layers. Indeed, at 1 Hz, hydrogels A1C, A2C and A3C 268 
showed G’ moduli of 5900 ± 910 Pa, 5600 ± 890 Pa and 5200 ± 47 Pa, and G’’ moduli of 1300 ± 240 Pa, 269 
960 ± 230 Pa and 1100 ± 170 Pa, respectively. These non-significant differences in G’ and G’’ values 270 
indicated that the final viscoelastic properties of the post-cured hydrogels did not depend on the number 271 
of printed layers. It seems worth mentioning that the final viscoelastic properties of the post-cured 272 
hydrogels correspond to the ones of soft tissues, such as brain, liver or bone marrow [42]. These 3D-273 
printed hydrogels could then be considered as extracellular matrix (ECM) for soft tissue repair. The 274 
following sections describe only A2 hydrogels printed with 15 layers and post-cured for 3 minutes. 275 

3.2. Evaluation of DLP for the printing of mCMC hydrogels and cryogels with complex shapes 276 

Other hydrogels with more complex shapes were printed from the LAP-2 formulation, to evaluate the 277 
resolution of DLP with such water-based resins. In additive manufacturing, resolution in the X- and Y-278 
directions refers to the horizontal print quality of each layer and is determined by the fineness of detail 279 
that the 3D printer can reproduce on the surface of the printed objects [10]. In DLP specifically, the Z-280 
resolution depends on the vertical modulation of the build platform, i.e. the thickness of each layer, but 281 
also on the exposure time.  282 

The first complex shape studied was a four-stage pyramid (Model B), each stage being 2 mm in height 283 
(Z), with corresponding sides measuring 14 mm, 10 mm, 6 mm, and 2 mm (Figure 2a). This pyramid 284 
served as the primary model to first investigate the impact of the printed layer thickness and the exposure 285 
times on the print quality of hydrogels in the X- and Y-dimensions. Based on these experiments, the 286 
optimal thickness was set to 500 µm for each layer, while the exposure times were set at 5 s for the first 287 
layer, and 4 s for the subsequent layers (Figure 2e). This configuration prevented the hydrogel collapse 288 
and undesirable peripheral crosslinking that could impact the resolution of the printed part. Indeed, 289 
longer exposure times and lower layer thicknesses both led to peripheral crosslinking, due to the high 290 
diffusion of UV light through the different layers previously printed, mainly composed of water (Table 291 
S1, Figure S4). Consequently, DLP has exhibited important limitations in terms of layer thickness, and 292 
thus of Z-resolution, as the minimal printable thickness was between 250 and 500 µm, for such hydrogels 293 
composed of successive identical layers.  294 

Conical hydrogels (Model C) were then printed to determine the highest achievable X- and Y-295 
resolutions, while avoiding the printing of successive identical layers, thus mitigating the peripheral 296 
crosslinking phenomenon (Figure 2b). Layer thickness, set to 500 µm, 200 µm, 100 µm or 50 µm, 297 
directly influenced the final resolution of the printed hydrogels (Figure S5). With a layer thickness of 298 
50 µm, the last crosslinked layer of the tip had a surface diameter of 85 ± 3 µm (Figures 2f, S5d). This 299 
value was slightly higher than the theoretical insolated diameter for this final layer, i.e. the size of a DLP 300 
pixel (62 µm), indicating a slight collapse of the tip. Nevertheless, DLP seemed quite suitable for the 301 
printing of hydrogels with conical shapes and interesting resolutions, and could be of interest for the 3D 302 
printing of rigid hydrogel microneedles in future work.  303 

The present paper mainly focuses on the 3D printing of hydrogels scaffolds for cell growth, with 304 
multiple cavities of controlled dimensions to yield porous materials. In this context, two other complex 305 
shapes were printed using DLP. First, a gear with a 7.5 mm hole was printed to verify if such hollow 306 
hydrogels could be 3D-printed without collapsing (Model D, Figure 2c). The hole was printed in the Z-307 
direction, and the resulting hydrogel conformed to the model and did not collapse (Figure 2g). 308 
Nevertheless, a modification of the hole was noticed, with an inner diameter ranging from 6.7 mm for 309 
the first layers, to 7.5 mm for the last layers, due to undesirable peripheral crosslinking. Similarly, small 310 
flat grids were printed to determine the minimum achievable hole diameter and wall thickness (Model 311 
E, Figure 2d). The smallest dimensions achieved without hydrogel collapse and without apparent 312 
peripheral crosslinking in the holes, were 340 µm for the inner channel diameter and 200 µm for the 313 
walls of the printed hydrogel (Figure 2h). Interestingly, the obtained channel dimensions correspond to 314 
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the pore sizes needed for the growth of most cells (100 – 200 µm). However, the printed hydrogel was 315 
not robust enough, and deteriorated during its removal from the platform.  316 

 317 

Figure 2. CAD models of (a) a pyramid structure with dimensions of 14 x 14 x 8 mm3 (L x W x H, model B), (b) 318 
a conical structure on a flat base with dimensions of 19.82 x 10.48 x 9.75 mm3 (L x W x H, model C), (c) a gear 319 
with an external diameter of 22.97 mm and a height of 11.00 mm (Model D), and (d) a flat grid of dimensions 320 
5.4 x 5.4 x 0.81 mm3 (L x W x H), with 81 channels of 340 µm diameter and wall thicknesses of 200 µm (Model 321 
E). (e-h) Corresponding hydrogels printed by DLP from the LAP-2 formulation containing 2 wt% mCMC with a 322 
DM of 34 % and 0.15 wt% LAP, with exposure times of 5 s for the first layer, then 4 s for subsequent layers, and 323 
with layer thicknesses of 500 µm (e,g,h) or 50 µm (f) and (i-k) corresponding freeze-dried cryogels.  324 

Mellili et al. printed hydrogels with an identical DLP Asiga Max, from an aqueous formulation 325 
containing 2 wt% mCMC with a DM of 60 %, and 0.04 wt% LAP as photoinitiator [30]. In their work, 326 
the layer thickness was set to 50 µm, and the exposure time was not mentioned. Printed hydrogels had 327 
a X,Y resolution of over 500 µm, due to layer over insolation. In contrast, in the present work, the 328 
resolution obtained for printed mCMC hydrogels (85 µm) was comparable to those obtained by DLP 329 
for hydrogels composed of thiol-norbornene HA (100 µm) [27] or methacrylated chitosan (50 µm) [29]. 330 
Nevertheless, as observed by Mellili et al., the challenge lies in the ability to print hydrogels with cavities 331 
along the Z-axis direction, from a formulation mainly composed of water [30]. Indeed, without the 332 
addition of a photoabsorber, the UV beam spreads across the entire formulation and initiates 333 
polymerization in the normally vacant areas (Figure S6). Adding a photoabsorber could be considered 334 
to enhance the Z-axis resolution and the complexity of the DLP-printed hydrogels, by reducing the depth 335 
of UV penetration into the resin. Nevertheless, conventional water-soluble photoabsorbers that absorb 336 
within the intended wavelength range, such as certain food dyes like tartrazine, are either toxic or 337 
suspected to be so [43,44]. As a result, these photoabsorbers are not desirable for medical applications, 338 
where biocompatible photoabsorbers should be preferred. In this context, Mellili et al. replaced the water 339 
in their mCMC formulation with a cell culture medium absorbing at 385 nm [30]. This strategy enabled 340 
the printing of hollow hydrogels with improved resolution but with lower mechanical strength. In 341 
summary, without the use of a cytotoxic photoabsorber, the 3D printing of a hydrogel scaffold with a 342 
complex structure consisting of holes and thin walls and exhibiting sufficient mechanical properties to 343 
be used in tissue engineering was not achievable from mCMC formulations using DLP. However, it is 344 
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necessary to emphasize that these mCMC formulations developed for DLP printing could still have 345 
interesting biomedical applications, such as the 3D printing of innovative microneedles. 346 

Interestingly, the macroscopic structure of the printed hydrogels was retained during the freeze-drying 347 
process (Figure 2i-k). However, a slight vertical expansion of the cryogels was observed. For example, 348 
for the conical cryogels (C), increase of 300 µm in height corresponding to 10 % of the initial height of 349 
the tips, was noticed (Figure 2j). This vertical expansion was attributed to the freezing process with 350 
liquid nitrogen from bottom to top, aligning the pores along the vertical axis [36]. This phenomenon 351 
should be considered when designing hydrogel models. Furthermore, the average pore size observed by 352 
SEM for the cryogels was 25.5 ± 8.8 µm (Figure 3 a,b). This average pore size was not suitable for 353 
developing materials targeting cell growth and tissue repair, that should display pores around 100-200 354 
µm [37,45]. Consequently, the preparation of cryogels through DLP-printed hydrogel freeze-drying did 355 
not seem an appropriate process for creating porous materials for tissue engineering.   356 

 357 

Figure 3.  SEM images displaying the cryogel morphologies and corresponding pore size distributions for the 358 
cryogel printed from the LAP-2 formulation, with 250 µm layers exposed for 4 s (500 µm and 5 s for the first 359 
layer, A2). The average pore size was determined from 25 measurements on 4 images per sample. Pores whose 360 
walls were broken by the cutting section method were not considered.  361 

3.3. Swelling properties of DLP-printed hydrogels and freeze-dried cryogels in physiological 362 
environment 363 

Swelling ratios (SR), reflecting the capacity of a 3D polymer network to absorb and retain a specific 364 
fluid without breaking, were measured for the printed A2 cylinders, in the form of post-cured hydrogels, 365 
or after freeze-drying. Swelling was conducted in PBS at 37 °C to reproduce the saline conditions of the 366 
physiological environment. The experiments were carried out over several days to approach the 367 
conditions of use of hydrogels in implantable biomedical applications. First, the evolution of the SR of 368 
the hydrogel placed in PBS was monitored and compared to that in deionized water (Figure 4a). 369 
Interestingly, throughout the entire duration of the experiment, the hydrogel swelling in water was more 370 
important than in PBS. In both cases, swelling equilibria were reached few minutes after the introduction 371 
of the hydrogels into their respective environments. On the one hand, the SR in water was of 2.02 ± 372 
0.110 at the equilibrium. When immersed in water, the mCMC chains of the printed hydrogel attracted 373 
and retained water molecules through hydrophilic interactions. This led to a significant swelling of the 374 
hydrogel, and to a twofold increase of the hydrogel volume, impacting the initial 3D shape printed with 375 
DLP. On the other hand, the SR in PBS was only of 1.06 ± 0.040. Very interestingly, the printed 376 
hydrogels did not significantly swell under saline conditions, thus retaining their initial printed shape. 377 
This swelling difference may be explained by the charge screening resulting from the high ionic strength 378 
of the PBS saline environment, limiting mCMC network stretching and, hence swelling. Furthermore, 379 
an osmotic equilibrium will occur upon introducing the hydrogel filled with pure water in the PBS 380 
medium [46]. Consequently, it seems unnecessary to consider any shape changes in the hydrogels when 381 
designing the numerical model for printing. Finally, the rheological properties of the swollen hydrogels 382 
at equilibrium in PBS at 37 °C were also compared to the ones of the initial hydrogels (Figure 4b). No 383 
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significant difference was observed between the elastic moduli (G’). For example, at 1 Hz, G’ moduli 384 
of 5.6 ± 0.89 kPa and 5.2 ± 0.085 kPa were measured for the hydrogel before and after swelling in PBS, 385 
respectively. Small differences between post-cured hydrogels and PBS-swollen hydrogels were only 386 
measured at higher frequencies for the viscous shear moduli (G’’). Indeed, at 10 Hz for example, G’’ 387 
moduli of 0.96 ± 0.47 kPa and 1.7 ± 0.092 kPa were measured for the hydrogel before and after swelling 388 
in PBS, respectively. It can be concluded that the mCMC hydrogels printed with DLP maintain their 389 
shape and their viscoelastic properties when placed in a saline environment such as PBS at 37 °C. These 390 
results are crucial when considering these hydrogels for applications such as biological tissue repair or 391 
controlled drug delivery. To preserve the printed hydrogel prior to its application, freeze-drying may be 392 
necessary, due to the greater stability and mechanical properties of cryogels [36]. Thus, swelling of the 393 
cylindrical cryogels in PBS was also investigated (Figure S7). Equilibrium was reached after 24 hours 394 
with a SR of 33.9 ± 0.52. Interestingly, no difference was noted between the SR of hydrogels and 395 
cryogels in PBS. Indeed, the mass ratio between the swollen hydrogel and the cryogel was 33.8 ± 0.47, 396 
while it was 33.9 ± 0.52 between the rehydrated cryogel and the cryogel. Consequently, the freeze-397 
drying step, allowing a better conservation of the printed hydrogels, did not modify the swelling 398 
properties of the materials in PBS.  399 

 400 
Figure 4. (a) Evolution of the swelling ratio of A2 hydrogels with time upon immersion in water or PBS at 37 °C. 401 
(b) Evolution of the elastic (G') and viscous (G'') shear moduli of the A2 hydrogels before and after swelling in 402 
PBS at 37 °C, measured by planar rheology from 0.1 to 10 Hz, at 1% strain. A2 hydrogels were printed with 250 403 
µm layers exposed for 4 s (500 µm and 5 s for the first layer) from the LAP-2 formulation containing a 404 
concentration of 2 wt% mCMC with a DM of 34 % and 0.15 wt% LAP, then post-cured for 3 min. 405 

3.4. Evaluation of TPP for the 3D printing of mCMC hydrogel scaffolds 406 

Given that DLP was not suitable enough for the 3D printing of hydrogel scaffolds and that the pores of 407 
the corresponding cryogels were too small to allow cell growth, TPP was considered as an alternative 408 
vat polymerization technique for scaffold printing. To that end, the IRG-4 formulation containing 4 wt% 409 
of mCMC with a DM of 50 ± 5 % and 0.4 wt% of the I2959 photoinitiator, was developed to maximize 410 
the methacrylate concentration, and to initiate the photo-crosslinking at 266 nm (Table 1), based on 411 
preliminary tests (Table S2). Two objects representing a scaffold (Model F) and a well (Model G) were 412 
designed to define the printing parameters and to evaluate the resolution that could be achieved for 413 
mechanically stable hydrogels (Figure 5 a,b). Like scaffolds, wells could find various applications in the 414 
biomedical field, such as the encapsulation of cells or the vectorization of specific particles. 415 

Using a laser power of 4 mW and a printing speed of 187.5 μm.s-1, the hydrogels printed from the IRG-416 
4 formulation, exhibited well-defined shapes without any noticeable defects, despite a slight edge effect 417 
around the well (Figure 5 c,d). However, the subsequent development of the hydrogels, involving 418 
hydrogel recovery and the removal of uncrosslinked formulation, proved to be quite challenging. First, 419 
the washing step was conducted with PBS to prevent hydrogel swelling and maintain its mechanical 420 
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properties and structural stability. Subsequent air-drying of the residual PBS led to the dehydration of 421 
the small-sized hydrogels, causing them to collapse (Figure S8). To counteract this phenomenon, the 422 
objects were rehydrated with PBS following dehydration. Nonetheless, during the drying process, 423 
additional intermolecular bonds, such as hydrogen bonds, ionic bonds, or hydrophobic interactions, may 424 
form between the mCMC chains. These new bonds can irreversibly alter the hydrogel structure, 425 
complicating the restoration of the hydrogel to its initial form upon rehydration with PBS. To prevent 426 
hydrogel dehydration during PBS drying, an alternate procedure involving the delicate removal of 427 
excess PBS with absorbent paper, while avoiding dehydration, was considered. This method required 428 
careful attention, yet effectively preserved the printed structure after development (Figure 5 e,f). 429 
Nevertheless, the characterization of such small-sized hydrogels was also challenging. Indeed, the 430 
microscopes used for the optical characterization of the printed hydrogels did not allow tilting the 431 
substrate, and therefore, did not allow clear visualization of the 3D structure. Moreover, given that these 432 
hydrogels comprised 95.6 wt% water, they were nearly transparent, explaining the poor quality of the 433 
images. To delve deeper into the optical characterization of the printed structures, it might be interesting 434 
to optimize the freeze-drying or the supercritical CO2 drying of small-sized hydrogels. However, 435 
technical challenges such as transporting the hydrogels without alteration and drying them without 436 
modifying the microstructure or causing fracture need to be overcome and are currently under 437 
development.  438 

After washing with this final procedure, the hydrogels printed using TPP exhibited cavities of 439 
approximately 30 µm in size for the scaffold (Model F) and 60 µm for the well (Model G), aligning with 440 
the dimensions of the CAD models. For the scaffold, the wall thickness of 10 µm was in the range of 441 
resolutions achieved for hydrogels printed from photo-crosslinkable HA-, pullulan- (5 µm) or chitosan-442 
based formulations (10 µm) using TPP [26,28,47]. Consequently, TPP could be used for printing 443 
hydrogel scaffolds with high resolution and complex shapes from mCMC formulations. Due to the 444 
higher natural abundance of cellulose compared to other polysaccharides, mCMC-based hydrogels are 445 
expected to have easier adoption in the biomedical sector. However, considering that most tissue cells 446 
are on the scale of hundreds of micrometers, future work will have to optimize the model structures in 447 
order to approach an ideal scaffold for cell growth or cell encapsulation [37].  448 
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 449 

Figure 5. CAD models of (a) a scaffold with dimensions of 160 x 120 x 60 µm3 (L x W x H, model F), and (b) a 450 
well with dimensions of 50 x 50 x 50 µm3 (L x W x H, model G). Corresponding hydrogels printed by TPP from 451 
the IRG-4 formulation containing 4 wt% mCMC with a DM of 50% and 0.4 wt% I2959, using a 4 mW laser beam 452 
at a speed of 187.5 μm.s-1, and observed directly after printing (c,d) and after development by drying with 453 
absorbent paper (e,f). As-printed hydrogels were observed using an inverse microscope featuring an air lens with 454 
X20 magnification and a 0.8 NA (Olympus, France), while developed hydrogels were characterized with a Dino-455 
lite with x232.9 magnification (Dino-lite, France). 456 

4. Conclusion 457 

Two distinct photo-crosslinkable aqueous formulations were developed from methacrylated 458 
carboxymethylcellulose (mCMC) to investigate their printability using two vat polymerization 459 
techniques, namely Digital Light Processing (DLP) and Two-Photon Polymerization (TPP), for 460 
manufacturing innovative hydrogels with complex shapes for biomedical applications. After defining 461 
the photo-crosslinking kinetics of the LAP-2 formulation containing 2 wt% mCMC with a degree of 462 
methacrylation (DM) of 34%, through real-time rheology characterization, the printing conditions of 463 
hydrogels using DLP were optimized in terms of layer thickness as well as insolation and post-curing 464 
times. The final hydrogels showed viscoelastic properties like the ones of human soft tissues, such as 465 
liver, brain, and bone marrow, with elastic and viscous shear moduli of 5.6 ± 0.4 kPa and 1.1 ± 0.2 kPa, 466 
respectively. Consequently, such 3D-printed hydrogels could be considered as extracellular matrix for 467 
soft tissue repair. The swelling properties of printed hydrogels were also investigated. Interestingly, after 468 
being introduced into a phosphate-buffered solution (PBS) at 37 °C to simulate the salinity of the 469 
physiological environment, the hydrogels maintained their structure without significant swelling, thus 470 
preserving their viscoelastic properties. Moreover, freeze-dried cryogels immersed in PBS regained a 471 
swelling ratio comparable to that of the initial hydrogel, reabsorbing a similar amount of PBS. This 472 
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indicates that freeze-drying could be used for improved conservation and transportation of the hydrogel. 473 
Nevertheless, printing assays showed that the printable hydrogel geometries are quite limited using DLP 474 
and the LAP-2 formulation. Indeed, peripheral polymerization was observed when printing successive 475 
layers with the same surface. Consequently, DLP was found to be more suitable for the 3D printing of 476 
conical hydrogels, with X- and Y-resolutions of 85 µm and could be considered for the manufacturing 477 
of rigid hydrogel microneedles for drug administration or biological fluid sampling. Nevertheless, due 478 
to the preponderance of water in the photo-crosslinkable formulation (97.85 wt%), the Z-resolution was 479 
found to be insufficient to print hydrogels with cavities perpendicular to the Z-axis, preventing the use 480 
of DLP for the 3D printing of scaffolds for tissue engineering, without the use of water-soluble but toxic 481 
photo-absorber. Finally, TPP was considered as an alternative vat polymerization method to print small-482 
sized hydrogels with complex shapes and high resolutions from mCMC aqueous formulations.  483 

The IRG-4 formulation, consisting in 4 wt% of mCMC with a DM of 50% and of 0.4 wt% of I2959 484 
diluted in water, was especially developed for maximizing the number of photo-crosslinkable groups, 485 
and to be printable with the Microlight 3D apparatus. A development procedure for recovering the 486 
printed hydrogels and removing the excess of uncrosslinked formulation was developed. Hydrogel 487 
scaffolds and well structures with resolutions of 10 µm were successfully obtained, paving the way for 488 
the design of scaffolds with controlled and precise spatial arrangement for soft tissue engineering.  489 

Data availability 490 
 491 
All relevant data are included in the manuscript as Source Data or Supplementary information. All 492 
other data are available from the corresponding authors upon reasonable request. 493 
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SUPPLEMENTARY DATA 637 

 638 

Towards the 3D printing of innovative hydrogel scaffolds 639 

through vat polymerization techniques using methacrylated 640 

carboxymethylcellulose aqueous formulations 641 

 642 

 643 

 644 
Figure S1. (a) Scheme of the methacrylation of CMC with MA in water at 25 °C to yield mCMC. (b) 1H NMR 645 
spectra for initial CMC (black spectrum) and mCMC with a DM of 50% (red spectrum) obtained using a molar 646 
ratio of 2.48 between MA and CMC hydroxyl groups. 647 

Photo-crosslinkable methacrylate groups were successfully grafted onto CMC using the reaction 648 
between methacrylic anhydride (MA) and the polymer hydroxyl groups (Fig. S1a). The samples were 649 
characterized by liquid 1H NMR and compared to raw CMC (Fig. S1b) to determine the degree of 650 
methacrylation. Protons of the CMC unit are located in the bulk between 2.8 and 4.7 ppm, and account 651 
for 8.4 protons considering a DS of 0.7. For mCMC samples, three additional peaks corresponding to 652 
the vinyl (Ha: 6.0-6.4 ppm, Hb: 5.65-6.0 ppm) and methyl (Hc: 1.7 - 2.2 ppm) protons of the methacrylate 653 
groups were also found after purification, indicating that methacrylation occurred under our experimental 654 
conditions. Please see : http://dx.doi.org/10.3390/polym2030252, for more details.  655 

http://dx.doi.org/10.3390/polym2030252
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 656 
Figure S2. FT-IR spectra of carboxymethylcellulose (CMC, black spectrum) and methacrylated 657 
carboxymethylcellulose (mCMC) with a DM of 50% (red spectrum) obtained using a molar ratio of 2.48 between 658 
MA and CMC hydroxyl groups. 659 

 660 

Attenuated total reflection (ATR) Fourier transform infrared (FT-IR) spectroscopy measurements were 661 

carried out using a MIRacle 10 instrument (Shimadzu, Japan) to analyze the characteristic chemical 662 

bonds and functions of the CMC and mCMC samples. Absorption spectra were acquired over the 4000-663 

550 cm-1 wavenumber range (64 scans, 4 cm-1 resolution). 664 

CMC has a broad band between 3000 and 3650 cm-1 corresponding to OH groups. The υ vibration band 665 

of the C-H bonds appears at 2907 cm-1. The antisymmetrical (1590 cm-1) and symmetrical (1407 cm-1 666 

and 1312 cm-1) υ vibration bands correspond to those of carboxylate groups (COO-). At 1043 cm-1 667 

appears the band characteristic of the C-O-C bonds of the glucosic units of CMC and mCMC.  668 

Finally, the appearance of a band corresponding to the carbonyl group (C=O) of the methacrylate at 1705 669 

cm-1 on the mCMC spectra, compared with the CMC spectrum, qualitatively demonstrates the success 670 

of methacrylation. 671 
 672 

 673 

  674 
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 675 
Figure S3. Evolution of the loss factor tan(δ) measured between 0.1 and 10 Hz and at 1 % strain at 25 °C, for 676 
4 mm-thick hydrogels printed by DLP from the LAP-2 formulation with exposure times of 5 s for the first layer 677 
and 4 s for subsequent layers, and thicknesses of 500 µm for the first layer and 100 µm (36 layers, A1), 250 µm 678 
(15 layers, A2) and 500 µm (8 layers, A3) for subsequent layers, respectively, (a) before and (b) after a 3 min UV 679 
post-curing (365 nm + 405 nm, 6 mW.cm-²). 680 
 681 
 682 

  683 
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Table S1. Influence of different printing parameters on the structure of pyramidal hydrogels (model B) printed by 684 
DLP from the LAP-2 formulation containing a concentration of 2 wt% mCMC with a DM of 34 % and 0.15 wt% 685 
LAP. The dimensions of the structure are constant (14 x 14 x 8 mm3 ; L x l x h) and correspond to a step height 686 
and width of 2 mm. 687 

Range 
Exposure time for 

the 1st layer (s) 

Exposure time for 

subsequent layers (s) 

Crosslinked layer 

thickness (µm)* 
Final state of printed hydrogel 

1 5 3 100 Collapsing 

2 5 3 500 Collapsing 

3 5 4 100 Peripheral crosslinking  

4 5 4 250 Peripheral crosslinking 

5 5 4 500 Figure 2e 

(2) 5 3 500 Collapsing 

(5) 5 4 500 Figure 2e 

6 5 5 500 Low peripheral crosslinking 

7 5 10 500 Peripheral crosslinking 

(5) 5 4 500 Figure 2e 

8 10 4 500 Peripheral crosslinking at the base 

* The crosslinked layer thickness corresponds to the Z movement of the platform, between each layer insolation.  

 

It was observed that an exposure time of 10 seconds caused peripheral polymerization, resulting in the 688 
formation of cured zones outside the exposed area. This peripheral polymerization occured gradually 689 
throughout the thickness of the same step and became less visible from the first to the last layer. The 690 
reason lied in UV rays penetrating layers that were already crosslinked when a new layer was formed. 691 
Indeed, layer thicknesses of 100 to 500 µm were printed in the case of these pyramids (Table S1). 692 
However, it was observed that an exposure of only 4 seconds without limiting the thickness to be 693 
exposed could cure layers up to 3.5 mm thick (Figure S2). Thus, during the exposure of a new layer with 694 
a maximum thickness of 500 µm, the previous layers were also exposed. For example, when printing 695 
the same level of the pyramid with a layer thickness of 500 µm, the first layer (5 s) was also exposed 696 
during the printing of the following 3 layers. Also, for an exposure time of 10 seconds per layer, the 697 
total exposure times for layers 1 to 4 were 35 s, 30 s, 20 s and 10 s, respectively. Peripheral 698 
polymerization was therefore more significant on layer 1 and decreased with subsequent layers.  699 

With layer thicknesses of 500 µm and exposure times of 4 seconds, peripheral polymerization was 700 
almost negligible over the thickness of the same level. However, the phenomenon was slightly 701 
observable at the interface between two layers of different surfaces. Furthermore, the phenomenon of 702 
peripheral polymerization intensified when the layer thickness was lower because the exposure time was 703 
multiplied by the number of layers. To mitigate this phenomenon, it is possible to reduce the exposure 704 
time for thinner layer thicknesses. However, with a 3-second exposure time, the cured layer thickness 705 
was not sufficiently resistant to support the layer that collapsed during the back-and-forth movement of 706 
the platform, before the formation of the next layer. 707 

708 
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 709 

Figure S4. Evolution of the crosslinked layer thickness as a function of the UV exposure time, for the 710 
LAP-2 formulation containing 2 wt% mCMC with a DM of 34 % and 0.15 wt% LAP.  711 

 712 

 713 

 714 

 715 

 716 

Figure S5. Conical hydrogels on a flat base (Model C) printed by DLP from the LAP-2 formulation 717 
containing 2 wt% mCMC with a DM of 34 % and 0.15 wt% LAP, with an exposure time of 4 s per layer 718 
and with a layer thickness (Z) of 500 µm  (a), 200 µm (b), 100 µm (c) and 50 µm (d). 719 
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 721 

Figure S6. (a) CAD model of a hollow parallelepiped with external dimensions of 722 
10.13 x 15.10 x 15.00 mm3 (L x W x H). (b) Corresponding hydrogel printed by DLP from the LAP-2 723 
formulation containing 2 wt% mCMC with a DM of 34 % and 0.15 wt% LAP, with a layer thickness of 724 
500 µm and an exposure time of 5 s for the first layer and 4 s for subsequent layers. 725 

 726 

Several limitations appeared when printing a hollow parallelepiped hydrogel by DLP, trying to optimize 727 
resolution in the Z direction: 728 

(1)  If the upper part of the parallelepiped is too thick, peripheral polymerization along the Z-axis led 729 
to the blocking of the cavity. 730 

(2)  If the upper part of the parallelepiped was too thin (Figure S4a), there were not enough printed 731 
layers for the upper wall to hold. Therefore, taller walls were needed, and a compromise on the 732 
thickness of the upper wall has to be found to avoid peripheral curing while maintaining sufficient 733 
mechanical properties. 734 

(3)  Furthermore, if the walls along the Z-axis were too tall, the hydrogel collapsed. Thus, a sufficient 735 
width for these walls had to be determined to maintain the shape of the printed hydrogel. 736 

(4)  However, the dimensions of the cavity in X and Y had been sufficient to prevent peripheral 737 
polymerization from closing the cavity (Figure S4b). 738 

In summary, designing the piece to print a hydrogel that was self-standing and presented a cavity 739 
perpendicular to the Z-axis was challenging. Printing a scaffold by DLP was therefore not possible using 740 
the LAP-2 formulation. 741 

  742 
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 743 

 744 

Figure S7. Evolution of the swelling ratio of A2 cryogels with time immerged in water or PBS at 37 °C. A2 745 
hydrogels were printed with 250 µm layers exposed for 4 s (500 µm and 5 s for the first layer) from the LAP-2 746 
formulation containing a concentration of 2 wt% mCMC with a DM of 34 % and 0.15 wt% LAP, then post-cured 747 
for 3 min. 748 

  749 



 

25 

 

Table S2. Composition of mCMC formulations containing I2959 or LAP as photoinitiator, used in 750 

preliminary TPP printing trials. 751 

mCMC Photo-initiator 
Printing parameters 

DM 

(%) 

Concentration 

(wt%) 
Name 

Concentration 

(wt%) 

Power  

(mW) 

Speed  

(µm/s) 
Polymerization 

34 

2 

LAP 

0.15 11 187.5 

No 
3 0.22 7.2 93.5 

4 0.31 
6.7 

6.7 

37.5 

18.7 

34 

2 

I2959 

0.12 
9.7  

9.7 

187.5 

84 
No 

3 0.18 

9.1 

8.6 

8.6 

187.5 

94 

37 

Low 

4 0.25 

4  

4.5 

5 

187.5 

187.5 

187.5 

Insufficient for a 

stable hydrogel 

50 4 I2959 0.41 4 187.5 Yes 

 752 

Initial tests were carried out using formulations containing 2, 3 or 4 wt% mCMC with a DM of 34 %, as 753 
well as LAP as photoinitiator at 0.15, 0.22 and 0.31 wt%. However, no polymerization was observed 754 
under the printing conditions used. 755 
To promote polymerization, it was necessary to increase the light power or decrease the polymerization 756 
speed. However, by increasing the time and power received by the resin, a degradation of the latter was 757 
observed, accompanied by the formation of bubbles corresponding to local boiling. This phenomenon, 758 
which exists for all photo-crosslinkable formulations, is referred to as the resin's "damage threshold". 759 
However, in the case of the mCMC formulations studied, no polymerization was observed before this 760 
threshold is reached.  761 
Two parameters may explain the early onset of the damage threshold. Firstly, the low concentration of 762 
methacrylate groups in water-rich formulations may initially make crosslinking difficult in the voxel 763 
volume. The choice of LAP as a photoinitiator can also be blamed. At the focal point, the energy received 764 
by the formulation in the voxel corresponds to a wavelength of 266 nm. At this wavelength, LAP is at 765 
the absorbance limit, and would therefore require greater laser gain to initiate methacrylate 766 
polymerization. On the other hand, I2959 absorbs more than LAP at this wavelength, and could enable 767 
polymerization to be initiated with a laser gain lower than the damage threshold of the formulations. 768 
For the formulation containing 3 wt% mCMC, a slight polymerization was observed, depending on the 769 
parameters used. However, this was insufficient to print complex objects. Finally, for the formulation 770 
containing 4 wt% mCMC, it was possible to obtain suitable polymerization between the polymerization 771 
threshold and the damage threshold, depending on the exposure time. However, polymerization was not 772 
sufficient to achieve adequate mechanical strength of the printed hydrogel. To improve the mechanical 773 
properties of TPP-printed hydrogels, the concentration of methacrylate groups needed to be increased. 774 
A formulation containing 4 wt% mCMC with a DM of 50 % was therefore used in the following tests. 775 

  776 
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 777 

Figure S8. Images of scaffold- (a) and well- (b) shaped hydrogels printed by TPP from the IRG-4 formulation 778 
containing 4 wt% mCMC with a DM of 50 % and 0.4 wt% I2959 as photoinitiator, obtained after dehydration 779 
using Dino-lite (ref RS AM4815ZTL) at magnification x232.9. The printing was done using a 4 mW laser beam 780 
at a printing speed of 187.5 μm.s-1. 781 


