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Abstract 

Crosslinked poly(aspartic acid) (pAsp) hydrogels have been evaluated in various applications benefitting 

from their biocompatibility and biodegradability. Several crosslinking mechanisms for pAsp derivatives 

have been investigated, yet research focusing on functionalization of pAsp with photo-crosslinkable 

moieties is scarce. However, the latter would be beneficial for processing of pAsp through light-based 

additive manufacturing techniques. pAsp was functionalized comparing two types of photo-crosslinkable 

moieties (i.e. norbornene versus methacrylate), resulting in a thiol-ene step-growth crosslinking 

mechanism and a chain-growth mechanism, respectively. The influence of the crosslinking mechanism 

on the photo-crosslinking kinetics, mechanical properties and biocompatibility of the hydrogels was 

studied. Hydrogels based on norbornene-modified pAsp with Li-TPO-L photo-initiator and a thiol-based 

crosslinker showed fast crosslinking kinetics and a high swelling ratio, along with a relatively low storage 

modulus of 29.4 ± 1.3  kPa. Methacrylate-modified pAsp formulations with Li-TPO-L crosslinked slower 

and exhibited a lower swelling ratio, yet a higher storage modulus (135.1 ± 4.7  kPa). Both hydrogel 

materials were non-cytotoxic to cells growing in their vicinity. The applicability of the hydrogels to serve 

as materials for digital light processing (DLP) and two-photon polymerization (2PP) was elucidated. Both 

materials were processable via DLP and 2PP, offering possibilities towards processing of these 

materials into constructs serving biomedical applications. 
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1. Introduction 

Anionic polyelectrolytes are polymers with acidic moieties in their backbone, rendering them water-

soluble, making them  interesting candidate materials for a variety of applications [1]. Poly(aspartic acid) 

(pAsp) is a well-established example of a biodegradable anionic polyelectrolyte with great potential to 

replace non-degradable anionic counterparts such as poly(acrylic acid). pAsp is a biobased and 

biocompatible poly(amino acid), that is degradable by specific enzymes and/or microorganisms (e.g. 

activated sludge), hence releasing solely non-toxic compounds [2–4]. pAsp is water-soluble and when 

crosslinked, it exhibits high water-absorption capacity (up to > 900 times its own weight) [5, 6]. 

Furthermore, its production is straightforward, since it is synthesized from polysuccinimide (pSI), which 

in turn is synthesized through polycondensation of aspartic acid or reaction of maleic anhydride with 

NH3 or NH4OH, all commercially available starting materials [7]. Modified pAsp can be obtained via a 

ring-opening reaction of pSI with primary amines under mild conditions followed by alkaline hydrolysis 

of the remaining succinimide units [8]. In principle, any primary amine can be used to modify pSI, 

resulting in a wide range of pAsp derivatives. This versatility combined with its biocompatibility and 

biodegradability renders modified pAsp a valuable material in the context of biomedical applications 

(e.g. tissue engineering, drug and gene delivery, antifouling coatings and biomineralization) [9–13]. 

For the above-mentioned purposes, crosslinked pAsp is required, which is generally realized through 

reaction with diamines [14] or via the formation of disulfide bonds [7]. Diamine crosslinkers with different 

chain lengths have been described extensively in literature, ranging from hydrazine to long-chain natural 

polyamines [15–18]. Crosslinking via disulfide bonds occurs through modification of pSI with cysteine or 

cysteamine, followed by oxidation. An interesting feature of this type of crosslinking, is that the disulfide 

bonds can be broken again through reduction, making the crosslinking reversible [19, 20]. This 

reversible crosslinking can be combined with permanent crosslinking, for example with diamines, to 

maintain structural integrity. This allows to create redox-responsive hydrogels that can change their 

network density and hence swelling properties under the influence of external triggers [21, 22]. 

Examples hereof are oxidizing/reducing agents or a change in pH, making these hydrogels interesting 

for controlled drug delivery and mucoadhesion applications [23–27]. However, reports on photo-

crosslinkable pAsp are scarce [28]. Nevertheless, the introduction of photo-crosslinkable moieties in 

pAsp would allow processing via light-based additive manufacturing (AM) methods, including 

stereolithography (SLA), digital light processing (DLP) and two-photon polymerization (2PP). Light-

based AM techniques are characterized by a high speed and precision as well as excellent computer-

aided design and manufacturing (CAD-CAM) mimicry, which is beneficial in the context of biomedical 

applications (e.g. tissue engineering) [29]. Possible photoreactive moieties for light-based AM include, 

but are not limited to (meth)acrylates, thiols, norbornene and alkenes. By incorporation of these 

moieties, several photo-crosslinkable natural polymers (e.g. based on gelatin [30–33], collagen [34–36], 

hyaluronic acid [37] and alginate [38–40]) and synthetic polymers (e.g. based on polyethylene glycol 

(PEG) [41, 42] and poly(ε-caprolactone) [43]) have been made. Crosslinking of these polymers can be 

initiated by free radicals resulting from the cleavage of a light-sensitive photo-initiator, forming a 

crosslinked network with generally a fast curing rate, short exposure time and good reproducibility [44]. 
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Depending on the incorporated functional groups, two main mechanisms for light-induced crosslinking 

can be distinguished, namely chain-growth and step-growth polymerization [45]. Both mechanisms have 

been extensively exploited for photo-crosslinking of natural polymers, but crosslinking based on chain-

growth polymerization is the most frequently reported for the biopolymers mentioned in the previous 

paragraph [30, 32, 38, 39]. The mechanism relies on the radical polymerization of (meth)acrylates or 

(meth)acrylamides, resulting in the formation of oligomer chains, which connect the polymer backbones 

[30, 46]. Chain-growth polymerization has several benefits, namely easy material handling and no need 

for an additional crosslinker [29, 44]. Limitations of the mechanism include poor control over reaction 

kinetics and the formation of a heterogeneously crosslinked network, as not all initiated radicals will 

undergo the same number of propagation steps prior to termination [47, 48]. Furthermore, the reaction 

is sensitive to oxygen inhibition and unreacted double bonds remain present after crosslinking [49]. 

Step-growth crosslinking can occur between two compounds bearing complementary functional groups 

[50]. In the latter regard, “click” chemistry has gained increasing attention. “Click” reactions are fast, 

provide excellent control and high yields, are wide in scope and are not sensitive to oxygen inhibition or 

side reactions with water [51]. The most common step-growth mechanism for crosslinking of 

biopolymers is thiol-ene (photo-)click chemistry. This mechanism involves a reaction of a thiol with an 

ene-functionality, e.g. norbornene, vinyl ethers, (meth)acrylates, styrene, (meth)acrylamides and 

conjugated dienes, initiated by a radical initiator [52]. Any type of non-sterically hindered double bonds 

is a potential ene-functionality, but superior control over the step-growth polymerization can be obtained 

if the ene-function cannot undergo a competitive chain-growth polymerization, rendering for example 

(meth)acrylates and (meth)acrylamides less suitable [53]. In addition, since the crosslinking rate is 

determined by the chain transfer step, the reaction will be slower when the radical is stabilized by 

mesomeric stabilization, which is the case for methacrylates, styrene and conjugated dienes. The thiol-

norbornene reaction is widely used for the crosslinking of biopolymers since the reaction is very fast due 

to the relief of ring strain upon thiol-carbon bond formation [54]. Other benefits of thiol-ene step-growth 

crosslinking include the formation of a more homogeneous network, high functional group conversion 

(> 99%), fast reaction rates and no susceptibility to oxygen inhibition [52, 55]. However, disadvantages 

involve the need to incorporate a multifunctional crosslinker which can participate in side reactions and 

the formation of hydrogels with a lower storage modulus compared to chain-growth crosslinked 

hydrogels [56–58].  

We herein report the modification of pAsp with photo-crosslinkable moieties and compare crosslinking 

via a chain-growth versus step-growth polymerization mechanism, which is unprecedented for pAsp. 

pAsp was modified with two types of photo-crosslinkable functionalities (i.e. norbornene and 

methacrylate) and their crosslinking kinetics were studied via in situ photo-rheology. Hydrogels of both 

pAsp derivatives were developed and their swelling degree and gel fraction were studied. Our data show 

that both norbornene and methacrylate give rise to fast photo-crosslinking, offering unprecedented 

processing possibilities for pAsp. Furthermore, an in vitro cell viability assay was performed to determine 

the cytotoxicity and the impact of the developed materials on cell viability. Finally, we provided a first 

proof-of-concept towards processing of pAsp via two light-based printing techniques, namely DLP and 

2PP. 
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2. Materials and methods 

2.1. Materials 

All chemicals were used as received unless stated otherwise. N,N-dimethylformamide (DMF, > 99.9%) 

was purchased from VWR. Sodium hydroxide (NaOH, pellets), DL-dithiothreitol (DTT, 97%), 

triethylamine (TEA, ≥ 99%), hydrochloric acid (HCl, 37%), 4-tert-butylcatechol (TBC), phosphate 

buffered saline (PBS, tablets) and tartrazine (dye content ≥ 85%) were purchased from Sigma-Aldrich. 

5-Norbornene-2-methylamine (mixture of isomers, > 98%) was acquired from TCI Europe. 2-Aminoethyl 

methacrylate hydrochloride (AEMA.HCl, ≥ 95%) was obtained from Polysciences Europe. Methanol 

(MeOH, >99%) was purchased from Chem-Lab. Ethyl acetate was supplied by UnivarSolutions. 

Dimethylsulfoxide (DMSO, 99.7%) was purchased from Thermo Scientific and distilled before use. 

Deuterated dimethylsulfoxide (d6-DMSO, 99.8% D) and deuterium oxide (D2O, 99.9% D) were obtained 

from Eurisotop. Polysuccinimide (pSI) was prepared according to a previously described procedure [28]. 

Lithium (2,4,6-trimethylbenzoyl)phenylphosphinate (Li-TPO-L) was prepared according to a procedure 

reported by Markovic et al. [59]. Dialysis membranes (Spectra/Por MWCO 3500 g mol-1) were purchased 

from Polylab. Double distilled water (DDW) was used for the preparation of aqueous solutions and to 

perform swelling experiments (Merck Synergy UV, Millipore Milli-Q gradient, ρ = 18.2 MΩ cm at 25 °C). 

2.2. Synthesis of photo-crosslinkable poly(aspartic acid) derivatives 

Norbornene-modified poly(aspartic acid) (pAsp-NB) was obtained by modification of pSI with  

5-norbornene-2-methylamine (NB-NH2), followed by hydrolysis of the intermediate and dialysis. 20.00 g 

pSI (0.21 mol succinimide units (M = 97.07 g mol-1)) was dissolved in 200 mL DMF in a flame-dried two-

neck flask while stirring and heating to 60 °C. After complete dissolution, 5.07 mL NB-NH2 (0.20 eq. 

relative to the succinimide units, 0.040 mol, 5.07 g) was added to the pSI solution. The system was filled 

with argon gas and degassed 3 times, afterwards the reaction was continued for 24 h at 60 °C. The 

polymer was precipitated by addition of the reaction solution to 2000 mL ethyl acetate, followed by 

filtration. The precipitate was washed 3 times with ethyl acetate and dried under reduced pressure at  

50 °C for 48 h to obtain norbornene-modified pSI (pSI-NB) as intermediate product. pSI-NB was 

dispersed in DDW at a concentration of 10 w/v%. The pH was adjusted to 10 by adding aqueous NaOH 

(1 M) dropwise to the suspension in order to hydrolyze the succinimide units. The suspension was stirred 

for 3 h while regularly checking the pH and readjusting to pH 10 if necessary, until the polymer dissolved. 

The solution was dialyzed against DDW (Spectra/Por MWCO 3500 g mol-1) for 24 h with the water being 

changed 6 times. Finally, pAsp-NB was obtained after freezing and lyophilization (Christ freeze-dryer 

Alpha 2-4 LSC) as white/yellow fine powder (90% yield). 

For the synthesis of aminoethyl methacrylate-modified poly(aspartic acid) (pAsp-AEMA), 30.00 g pSI 

(0.31 mol succinimide units (M = 97.07 g mol-1)) was dissolved in 200 mL distilled DMSO, in a flame-

dried two-neck flask while stirring and heating to 60 °C. 12.80 g AEMA.HCl (0.25 eq. relative to the 

succinimide units, 0.077 mol) and 0.13 g TBC (0.0025 eq. relative to the succinimide units, 0.77 mmol) 

were dissolved in a separate round-bottom flask in 100 mL distilled DMSO, while stirring and heating to 

60 °C. The solution was shielded from light to prevent polymerization. After complete dissolution, 11.85 

mL TEA (0.28 eq. relative to the succinimide units, 0.085 mol, 8.60 g) was added to the AEMA.HCl 
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solution. Afterwards, the AEMA.HCl solution was added dropwise to the pSI solution. After complete 

addition, the system was filled with argon and degassed 3 times. The reaction was shielded from light 

and continued for 24 h at 60 °C. The solution was added dropwise to 3000 mL HCl solution (0.50 M) to 

neutralize the excess base and to precipitate the polymer. The precipitate was filtered and washed 2 

times with DDW and 2 times with MeOH. The precipitate was dried under reduced pressure at 50 °C for 

48 h to obtain AEMA-modified pSI (pSI-AEMA) as intermediate product. pSI-AEMA was dispersed in 

DDW at a concentration of 10 w/v%. The pH was adjusted to 10 by adding aqueous NaOH (1 M) 

dropwise to the suspension in order to hydrolyze the remaining succinimide units. The reaction mixture 

was stirred for 3 h while regularly checking the pH and readjusting to pH 10 if necessary. The solution 

was dialyzed against DDW (Spectra/Por MWCO 3500 g mol-1) for 24 h with the water being changed 5 

times. Finally, pAsp-AEMA was obtained after freezing and lyophilization as fine white powder (87% 

yield). 

2.3. Polymer characterization 

2.3.1. Nuclear magnetic resonance (1H-NMR) spectroscopy 

1H-NMR spectra were recorded on a 300 MHz Bruker Avance I Ultrashield spectrometer at room 

temperature with d6-DMSO or D2O as solvent. Spectra were analyzed using MestReNova software. 

2.3.2. Gel permeation chromatography (GPC) 

Gel permeation chromatography (GPC) measurements in DMF were performed on a Waters Alliance 

e2696 Separations Module device coupled to one Styragel Guard Column (4.6 x 30 mm, 20 µm particle 

size) and three Styragel GPC Columns (7.8 x 300 mm, 5 µm particle size) with variable molecular weight 

range (Mw) of 0 – 1000 g mol-1, 500 – 20000 g mol-1 and 5000 – 600000 g mol-1 connected in sequence 

with a column temperature of 40 °C. Detection was based on a refractive index (RI) detector 2414 with 

RID temperature 35 °C. Molar masses were determined from the obtained retention times via an external 

calibration curve using ReadyCal-Kit PMMA standards (Mp = 800 – 2200000 g mol-1). As eluent DMF + 

0.035 mol L-1 LiCl + 6 mol L-1 glacial acetic acid was used at a flow rate of 1 mL min-1. Samples were 

prepared by dissolving 2 – 5 mg of polymer in 1.5 mL of eluent. 

Aqueous GPC measurements were performed using a Waters 600 controller connected to a Waters 

410 differential refractometer detector to determine the molar mass and dispersity. Injection was done 

using a Waters 610 Fluid Unit. One Guard Column (Shodex OHpak SB-G 6B, 6.0 x 50 mm, 10 µm 

particle size) and two columns for aqueous SEC (Shodex OHpak SB-806M HQ, 8.0 x 300 mm, 13 µm 

particle size) with a molecular weight range (Mw) of 500 – 20000000 g mol-1 were connected in 

sequence. Molar masses were determined from the obtained retention times via an external calibration 

curve with a set of pullulan standards from Shodex (Mp = 6100, 21100, 47100 and 107000 g mol-1). A 

phosphate buffer (Na2HPO4/NaH2PO4, pH 7, 0.1 M) was used as eluent at a flow rate of 1 mL min-1. 

Samples were prepared by dissolving 10 mg polymer in 1 mL eluent. Samples were filtered over 

hydrophobic PTFE syringe filters with pore size 0.45 µm before injection. Spectra were analyzed using 

Waters Empower2 software. 
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2.3.3. Photo-rheology 

Photo-rheology measurements were carried out on an Anton Paar MCR 302e rheometer with parallel 

plate-plate geometry, with an upper plate diameter of 25 mm. All measurements were performed at  

21 °C with an oscillatory frequency of 1 Hz, a strain of 0.1% and a measuring gap of 0.30 mm. 300 µL 

of the sample was injected between the parallel plates, the samples were trimmed and irradiated through 

a glass bottom plate using UV-A light with a wavelength of 365 nm and an intensity of 100 mW cm-2 

(OmniCure series 1500 UV light source). The samples were not irradiated with UV light during the first 

60 s to allow them to settle following handling, after which the samples were irradiated during 600 s to 

induce curing. After 600 s, the UV light was switched off and potential post-curing was monitored during 

240 s [60]. Solutions with a concentration of 30 w/v% pAsp-NB or pAsp-AEMA in DDW containing 2 

mol% Li-TPO-L, relative to the number of crosslinkable functionalities present in the polymer, were used. 

For pAsp-NB, 0.50 eq. DTT, relative to the number of norbornene functionalities, was added as 

crosslinker corresponding to an equimolar thiol-ene ratio. Measurements were executed three times to 

indicate reproducibility. 

2.4. Hydrogel preparation and characterization 

2.4.1. Crosslinking of hydrogel sheets via film casting 

For the preparation of crosslinked hydrogels, precursor solutions with the same composition as used in 

the photo-rheology measurements were prepared. Each solution was injected between two parallel 

glass plates with Teflon release foil and a silicone spacer of 1 mm thickness. The plates were irradiated 

for 30 min on both sides with UV-A light (365 nm, UVP High Performance UV Transilluminator) with an 

intensity of 10 mW cm-2 to induce crosslinking of the precursor solution. After irradiation, the plates were 

removed from each other to obtain the crosslinked hydrogel sheet.  

2.4.2. Swelling and gel fraction studies 

For determination of the swelling ratio and gel fraction, circular samples (Ø = 8 mm) were punched out 

of the hydrogel sheets. The circular samples were frozen and lyophilized to determine the initial dry 

mass. The samples were incubated in DDW for 3 days at 20 °C. Afterwards, the samples were removed 

from DDW, the surface was gently dried and the samples were weighted to determine the swollen mass. 

Then, the samples were frozen again and lyophilized to determine the final dry mass. The mass swelling 

ratio and gel fraction were calculated according to equations (1) and (2), respectively: 

Mass swelling ratio =  
ms−md,2

md,2
   (1) 

Gel fraction (GF) =  
md,2

md,1
 × 100 %  (2) 

md,1 is the initial freeze-dried mass of the sample before swelling, md,2 is the final freeze-dried mass of 

the sample after swelling and ms is the mass of the sample in swollen state. All measurements were 

performed in triplicate for statistical relevance. 
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2.5. Quantification of cell metabolic activity via Alamar Blue assay 

Before the assay, circular hydrogel films (Ø = 20 mm) were sterilized by incubation for 24 h in 70% 

ethanol (EtOH), incorporating 3 EtOH washing steps. The films were exposed to UV-C light (254 nm) 

for 30 min in a final sterilization step. Thereafter, they were hydrated in PBS for 72 h, including 3 PBS 

washing steps. HEK 293T cells were thawed and cultured at 37 °C in a 5% CO2 environment in growth 

medium (DMEM high glucose w/glutamine w/sodium pyruvate (Biowest) containing 10% fetal bovine 

serum and 1% penicillin/streptomycin solution (Avantor)). After reaching confluency, the cells were 

plated in a 6-well plate at 500000 cells per well. In each well, a cell strainer (Corning, 100 µm pore size) 

was placed containing one sterilized and hydrated hydrogel film. The medium volume was increased to 

submerge the hydrogels in the growth medium of the cells. The cells were incubated at 37 °C and 5% 

CO2 for 24 h, followed by the start of Alamar Blue assay. The cell strainers were temporarily removed 

from the 6-well plate and the medium was replaced by Alamar Blue solution (44 µM resazurin sodium 

salt (Merck) in Hanks Balanced Salt Solution (HBSS, ThermoFisher Scientific)). Cells were incubated 

with equal volumes of the Alamar Blue solution at 37 °C and 5% CO2 for 1 h, after which a 200 µL 

sample was pipetted in a white, flat bottom 96-well plate (ThermoFisher Scientific). The remainder of 

the Alamar Blue solution on the cells was replaced by growth medium, the cell strainers with the hydrogel 

were replaced in the well plates and the cells were incubated for another 24 h. The Alamar Blue assay 

was performed every 24 h for 4 days. In between sampling times, the white 96-well plate containing the 

Alamar Blue solution samples was stored in the dark at 4 °C. Finally, resazurin fluorescence in the 

samples was measured at 580-640 nm (excitation 525 nm) to determine cell metabolic activity (GloMax 

Multi fluorescence plate reader, Promega). 

2.6. Light-based additive manufacturing 

2.6.1. Digital light processing (DLP) 

To obtain resins that could be printed by DLP, 40 w/v% pAsp-AEMA and 20 w/v% pAsp-NB solutions 

were prepared. The polymer concentrations were chosen to obtain a well-dissolved solution with a 

suitable viscosity (< 3 Pa s at 100 s-1 shear rate and 25 °C) [61]. Photo-rheology measurements were 

done to determine the optimal photo-initiator (PI) and photo-absorber (PA) concentration for both 

formulations. The Li-TPO-L concentration was varied between 0.5 and 40 mol% (relative to the number 

of crosslinkable functionalities present) and the tartrazine concentration (PA) between 0.5 and 2 mol%. 

Eventually, 10 mol% Li-TPO-L and 1 mol% tartrazine versus 0.5 mol% Li-TPO-L and 1 mol% tartrazine 

were added to pAsp-AEMA and pAsp-NB, respectively. Moreover, 0.50 eq. DTT was added to pAsp-

NB. These resins were processed using a LumenX DLP printer from Cellink, equipped with a 405 nm 

LED and a digital micromirror device. The build platform offset was set to 0 and a temperature of 37 °C 

was fixed for each printing session. A CAD design of the “Pisa Tower” with dimensions 30 x 10.8 x 10.8 

mm3 was used for DLP with a resin volume of 3.45 mL. To optimize the parameters of the printer in 

terms of UV light exposure and time of irradiation, the working curve was derived for both hydrogels by 

assessing the thickness of a cured monolayer, obtained at different cure doses. Particularly, a square 

of 1 cm2 was printed on glass slides without any build platform, using a constant intensity of 23.16 mW 

cm-2 (50% of the maximal intensity of the DLP) and an exposure time ranging from 4 to 14 s [43]. The 

layer obtained was placed between two glass slides and the thickness was evaluated with a Zeiss 



8 
 

Axiotech 100 HD light microscope [62]. To ensure the reproducibility, each cure dose was tested at least 

in triplicate for both solutions. The minimal energy required for polymerization (Ec) and the penetration 

depth of the curing light (Dp) were calculated according to Jacobs’ equation (3): 

Cd = Dpln
E

Ec
     (3) 

where Cd and E represent the thickness of the cured resin and the applied energy dose, respectively 

[63]. 

2.6.2. Two-photon polymerization (2PP) 

Two-photon polymerization was performed using a NanoOne Bio high-resolution 3D printer from 

UpNano GmbH equipped with a 10x air immersion objective (NA 0.4, WD 3.10 mm, Zeiss) and a variable 

microscope-stage insert. The device was equipped with a femtosecond fiber laser with 90 fs pulse 

length, 80 MHz repetition rate, 780 nm center wavelength and maximal average laser power of 1000 

mW. Precursor solutions of 30 w/v% pAsp-AEMA or pAsp-NB in PBS containing 1 mM sodium 3,3’-

((((1E,1’E)-(2-oxocyclopentane-1,3-diylidene)bis(methanylylidene))bis(4,1-

phenylene))bis(methylazanediyl))dipropanoate (P2CK) as two-photon initiator were employed [64]. For 

pAsp-NB, 0.50 eq. DTT was added to the precursor solution. 100 µL of the solution was added onto a 

microscope slide silanized with 3-(trimethoxysilyl)propyl methacrylate to ensure attachment of the 

printed structures during sample development. The optimal 2PP threshold laser power was determined 

by printing 100 x 100 x 100 µm3 cubes at a constant scanning speed of 600 mm s-1
 and for varying laser 

powers. For pAsp-AEMA, average laser powers were varied from 100 to 250 mW with increments of 10 

mW. For pAsp-NB, average laser powers were varied from 5 to 100 mW with increments of 5 mW. The 

average laser powers and increments were selected based on previous reports focusing on photo-

crosslinkable gelatins processed via 2PP [31]. Afterwards, a CAD design of a snowflake (x = 200 µm, y 

= 180 µm and z = 100 µm) was printed with the optimal scanning speed and laser power as determined 

by the 2PP structuring performance test. The CAD design was sliced with 5 µm layer spacing (∆z) and 

hatched with 0.50 µm line spacing (∆xy). Sample development was done by adding 10 mL PBS in a 

petri dish followed by immersion of the sample for 6 h at room temperature to allow complete dissolution 

of the non-crosslinked material. Samples were studied with a Zeiss Axiotech 100 HD light microscope 

and a Zeiss LSM 710 laser scanning confocal microscope. Samples were swollen in PBS before 

microscopic analysis. Microscope images were analyzed using ImageJ software. 
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3. Results and discussion 

3.1. Synthesis and characterization of photo-crosslinkable poly(aspartic acid) 

derivatives 

 

Scheme 1. Reaction scheme for the synthesis of pAsp-NB (top) and pAsp-AEMA (bottom) by modification of pSI with x 

equivalents of the respective primary amine followed by hydrolysis and dialysis. 

Two types of photo-crosslinkable pAsp-derivatives were synthesized through modification of a pSI (Mn 

= 16900 g mol-1, Mw = 36600 g mol-1, Mz = 54800 g mol-1, Ð = 2.2 as determined via GPC in DMF) 

precursor with a functional primary amine, followed by alkaline hydrolysis and dialysis (Scheme 1). 

pAsp-NB was synthesized through reaction of pSI with 0.20 eq. (relative to the succinimide units) NB-

NH2, resulting in pSI-NB as intermediate. pAsp-NB was obtained by ring-opening of the succinimide 

units in the intermediate through alkaline hydrolysis (pH 10) for 3 h. The product was purified via dialysis 

for 24 h, followed by lyophilization to yield pAsp-NB (Mn = 4600 g mol-1 and Ð = 1.5 as obtained via 

aqueous GPC) as white/yellow fine powder with an overall yield of 90%. The GPC chromatogram is 

provided in the supplementary information (SI) (Figure S1). The degree of substitution (DS) was 

calculated based on the relative integrations obtained from 1H-NMR spectra of the pSI-NB intermediate, 

resulting in a DS of 18% (Figure S3, SI). The ratio of closed succinimide units, opened aspartic acid 

units and NB-modified aspartic acid units was calculated through the relative integrations of the 

characteristic signals obtained from the 1H-NMR spectra of pAsp-NB (Figure S5, SI). 

For the synthesis of pAsp-AEMA, pSI (Mn = 26000 g mol-1, Mw = 67700 g mol-1, Mz = 112800 g mol-1, Ð 

= 2.6 as determined via GPC in DMF) was reacted with 0.25 eq. AEMA.HCl (relative to the succinimide 

units). TEA was added to activate the primary amine to enable nucleophilic attack on the carbonyl 

moieties, while TBC was added to prevent premature polymerization of the methacrylate moieties. The 

obtained pSI-AEMA was hydrolyzed by addition of aqueous NaOH (pH 10) for 3 h to obtain pAsp-AEMA. 

After purification through dialysis and lyophilization, the product was obtained with an overall yield of 

72%, while the aqueous GPC data indicated Mn = 13100 g mol-1 and Ð = 2.0. The GPC chromatogram 

is included in the Supplementary information (Figure S2). The DS was again calculated through the 

relative integrations of the characteristic peaks obtained from the 1H-NMR spectra, resulting in a DS of 

8% (Figure S4, SI). The ratio of closed succinimide units, opened aspartic acid units and AEMA-
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modified aspartic acid units was calculated via the relative integrations of the characteristic signals 

obtained from the 1H-NMR spectra of pAsp-AEMA (Figure S6, SI). 

The crosslinking ability and kinetics were studied by in situ photo-rheology measurements. To study the 

evolution in storage (G’) and loss moduli (G”), formulations of 30 w/v% pAsp-NB and pAsp-AEMA were 

made in DDW containing 2 mol% Li-TPO-L, as well as 0.50 eq. DTT in case of pAsp-NB. The 

concentration of DTT was chosen to ensure an equimolar ratio between thiol and norbornene 

functionalities present in pAsp-NB. The evolution in G’ and G” upon UV-A irradiation with a light intensity 

of 100 mW cm-2 was monitored as a function of time (Figure 1). G” was higher than G’ for both 

formulations before the UV light was turned on, indicating that the formulations are liquid prior to 

irradiation. After 60 s of stabilization time, UV irradiation was initiated, resulting in an immediate and 

steep increase of G’ for both formulations and a cross-over between G’ and G”. This cross-over point is 

defined as the gel point and marks the moment when the behavior of the formulation goes from a 

dominantly liquid character to a dominantly elastic character, due to the transition from liquid to gel upon 

crosslinking [65]. The gel point was 1.5 s for pAsp-NB and 2.5 s for pAsp-AEMA, indicating slightly faster 

crosslinking in case of thiol-ene step-growth crosslinking as compared to methacrylate chain-growth 

crosslinking. For pAsp-NB, crosslinking occurs via a UV-mediated thiol-ene reaction occurring between 

a norbornene function of pAsp-NB and a thiol function of DTT. Because DTT is a bifunctional thiol, it 

acts as a crosslinker since one thiol function only reacts with one norbornene functionality, connecting 

two pAsp-NB chains to each other [31]. pAsp-AEMA, on the other hand, crosslinks via an UV-induced 

chain-growth mechanism during which a radical is created on a methacrylate function, which can 

propagate by attacking another methacrylate function. In this way, two or more pAsp-AEMA chains are 

attached to each other via a chain-growth mechanism until the propagating radical is terminated by 

recombination or disproportionation [32]. After a few seconds of UV irradiation, the slope of G’ gradually 

decreased evidencing reduced crosslinking kinetics when the network became more dense and the 

concentration of functional groups reduced. The slope decreased more gradually for pAsp-AEMA, which 

is inherent to the chain-growth mechanism, compared to a more abrupt change in slope in case of pAsp-

NB, as reported earlier for other hydrogel types [30]. The chain-growth mechanism is characterized by 

a delay upon UV irradiation as a result of oxygen inhibition. Before the initiated radicals can start 

polymerizing, they will first consume the oxygen present. This is not the case for thiol-ene step-growth 

crosslinking, resulting in a faster crosslinking and hence, the steeper slope observed [66]. After a few 

seconds, a plateau value was reached for G’ which remained constant following UV irradiation. This 

post-polymerization G’ was higher for pAsp-AEMA compared to pAsp-NB. For pAsp-AEMA, a final G’ of 

135.1 ± 4.7 kPa was obtained, while G’ was 29.4 ± 1.3 kPa for pAsp-NB. G’ is a measure for the stiffness 

of a network, as a stiffer network has a higher elastic response, resulting in a higher G’ [67]. Hence, 

step-growth crosslinking resulted in a lower post-polymerization G’ and thus in hydrogels with a lower 

mechanical stiffness compared to hydrogels formed via chain-growth crosslinking, due to the absence 

of kinetic chains in case of thiol-NB crosslinking. These results are in agreement with previous reports 

in literature for poly(ε-caprolactone) and gelatin-based hydrogels  [30, 43, 67]. 
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Figure 1. Photo-rheological monitoring of the evolution in storage (solid lines) and loss moduli (dashed lines) of 30 w/v% 

solutions of pAsp-NB and pAsp-AEMA containing 2 mol% Li-TPO-L (and 0.50 eq. DTT for pAsp-NB) upon UV-A irradiation (100 

mW cm-2). On the right, a magnification of the behavior of storage and loss moduli during the first increment of irradiation is 

shown, as well as the gel points for both materials. 

3.2. Hydrogel formation and swelling experiments 

Hydrogels of pAsp-NB and pAsp-AEMA were created by film casting. The standard composition of the 

formulations was a 30 w/v% solution in DDW containing 2 mol% Li-TPO-L and 0.50 eq. DTT in case of 

pAsp-NB. Furthermore, Li-TPO-L concentrations of 4 and 8 mol% were used in combination with 30 

w/v% pAsp-AEMA and for 30 w/v% pAsp-NB, the Li-TPO-L concentration was varied between 2 and 4 

mol% in combination with 0.50 or 1 eq. DTT. After film casting, circular samples were punched out and 

dried by lyophilization. Swelling and gel fraction experiments were performed on the circular samples to 

determine the network integrity and to gain more insight in the effect of the crosslinking mechanism on 

the network topology [68]. The obtained results are summarized in Table 1.  

For the hydrogels prepared with the standard formulation, gel fractions of 75.9 ± 2.8% and 87.8 ± 4.2% 

were obtained for pAsp-NB and pAsp-AEMA respectively. The higher gel fraction observed for pAsp-

AEMA compared to pAsp-NB indicates a more efficient network formation and a lower presence of non-

crosslinked species that leached out during the experiment in case of pAsp-AEMA. The recorded mass 

swelling ratio of the circular samples from the standard formulations following 3 days incubation in DDW 

was 7.4 ± 0.2 g g-1 for pAsp-AEMA and 45.7 ± 2.0 g g-1 for pAsp-NB. The lower swelling ratio for pAsp-

AEMA was not anticipated considering the structural differences of the polymers, since pAsp-AEMA 

contains a higher aspartic acid/succinimide ratio compared to pAsp-NB, which would result in higher 

swelling for pAsp-AEMA networks (Table S1 and S2, SI). However, the difference in swelling ratio can 

be explained taking into account the difference in gel fraction, network density and network topology. 

First, the lower swelling ratio for pAsp-AEMA is a result of the higher gel fraction observed, resulting in 

the formation of a denser network. On the other hand, the higher network density is also a consequence 

of the formation of kinetic chains upon crosslinking of pAsp-AEMA [67]. Finally, the swelling ratio is also 

influenced by the network topology, as a homogeneous network generally results in a higher swelling 

ratio compared to a heterogeneous network [43]. Hence, the higher swelling ratio for pAsp-NB can also 

be attributed to the more homogeneous topology when comparing thiol-ene step-growth crosslinking to 

methacrylate chain-growth crosslinking. In case of thiol-ene crosslinking, the reaction is orthogonal since 

one thiol reacts with one norbornene functionality, linking two chains to each other [55]. The network 



12 
 

density will therefore mainly depend on the number of functionalities the crosslinker encompasses (e.g. 

a trifunctional thiol results in a more dense network compared to a similar bifunctional thiol) as well as 

the chain length of the crosslinker. On the other hand, for chain-growth crosslinking, multiple 

methacrylate functionalities react with each other resulting in the formation of short hydrophobic 

oligomeric methacrylate chains. Furthermore, methacrylate functionalities on the same chain can also 

react with each other, resulting in cyclic chains and network imperfections, which also contribute to the 

network heterogeneity [66].  

For pAsp-AEMA, formulations with photo-initiator concentrations of 4 and 8 mol% were also used in the 

film casting process. This resulted in the formation of hydrogels exhibiting higher gel fractions of 99.2 ± 

0.8% and 97.8 ± 2.6%, respectively. The higher gel fractions observed upon exploiting higher photo-

initiator concentrations indicate a more efficient network formation, with a maximal efficiency for a 

formulation containing 4 mol% Li-TPO-L. Moreover, the mass swelling ratio slightly increased to 8.3 ± 

0.1 g g-1 and 9.4 ± 0.2 g g-1, respectively. The trend observed in the swelling ratio relative to the gel 

fraction and the photo-initiator concentration can be explained by two counterbalancing effects. On the 

one hand, a higher gel fraction implies the formation of a more densely crosslinked network, which 

results in a lower swelling ratio. On the other hand, swelling is also governed by the presence of 

hydrophilic chains, namely pAsp. Hence, a lower gel fraction implies the presence of less hydrophilic 

chains, which consequently results in a lower swelling ratio. For pAsp-NB, the gel fraction also increases 

with an increasing Li-TPO-L concentration when comparing a concentration of 2 mol% and 4 mol% in 

combination with 0.50 eq. DTT. For the last formulation, a gel fraction of 85.4 ± 4.1% was observed, 

again indicating more efficient network formation and the presence of less non-crosslinked material 

compared to the formulation containing 2 mol% Li-TPO-L. When increasing the Li-TPO-L concentration 

from 2 mol% to 4 mol%, more radicals are initially formed, increasing the efficiency of network formation 

and the chance for norbornene to react with a thiol resulting in a more densely crosslinked network being 

formed [52]. Furthermore, the mass swelling ratio decreased to 29.4 ± 0.4 g g-1, which can also be 

attributed to the higher network density. For the formulation containing 2 mol% Li-TPO-L in the presence 

of 1 eq. DTT (so deviating from equimolarity between thiol and NB), hydrogels with a gel fraction of 92.9 

± 5.6% and mass swelling ratio of 20.1 ± 2.2 g g-1 were obtained. When 0.50 eq. DTT is used, an 

equimolar ratio of thiol and NB functionalities is present and since the thiol-ene reaction is orthogonal, 

one would expect that every NB function reacts with one thiol function. However, some thiol functions 

will form disulfide bonds with each other, resulting in a deficiency of thiol functions for the thiol-ene 

reaction to occur, leaving behind unreacted NB functions. By increasing the amount of DTT to 1 eq., an 

excess of thiol functions is present and the chance for a NB function to encounter a thiol to react with 

will increase, resulting in a higher efficiency of network formation and a more densely crosslinked 

network, which explains the lower swelling ratio observed. The data observed are in agreement with 

previous reports describing thiol-norbornene crosslinked gelatins [31, 69]. 

Table 1. Gel fraction and mass swelling ratio of hydrogels consisting of 30 w/v% pAsp-AEMA crosslinked with different photo-

initiator (PI) concentrations and hydrogels consisting of 30 w/v% pAsp-NB crosslinked with different PI and crosslinker 

concentrations. The composition of the standard formulation is indicated with an asterisk (*). 

pAsp-AEMA pAsp-NB 
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PI 

concentration 

(mol%) 

Gel fraction 

(%) 

Mass swelling ratio 

(g g-1) 

PI 

concentration 

(mol%) 

Crosslinker 

concentration (eq.) 

Gel fraction 

(%) 

Mass 

swelling 

ratio (g g-1) 

2* 87.8 ± 4.2* 7.4 ± 0.2* 2* 0.50* 75.9 ± 2.8* 45.7 ± 2.0* 

4 99.2 ± 0.8 8.3 ± 0.1 2 1 92.9 ± 5.6 20.1 ± 2.2 

8 97.8 ± 2.6 9.4 ± 0.2 4 0.50 85.4 ± 4.1 29.4 ± 0.4 

 

3.3. Cell metabolic activity 

Several potential applications of pAsp-based hydrogels, such as tissue engineering and drug delivery, 

are based on the contact with living cells. Therefore, it is important to confim that the hydrogel 

functionalization does not negatively impact cell viability. As a model system, Human Embryonic Kidney 

cells were chosen. The metabolic activity of cells is a more sensitive marker of the health of cells 

compared to e.g. cell death markers. Therefore, the Alamar Blue assay was selected to determine if the 

hydrogels showed cytotoxicity. This assay is based on the principle that viable cells are able to process 

resazurin salt into resorufin, which is a fluorescent compound. A higher resorufin fluorescence indicates 

an increased presence of viable cells. In the current setup, an indirect assay was chosen in which no 

direct contact between the cells and the hydrogels occurs. Figure 2 shows that both pAsp-NB and pAsp-

AEMA allowed normal cell growth and metabolism as seen by the increase in fluorescence over time, 

which was not statistically different with cells growing in the absence of a hydrogel. However, for the 

pAsp-AEMA hydrogel, a trend towards cytotoxicity can be observed at later time points which is 

indicated by the larger deviation in metabolic activity compared to the control condition. It should be 

noted that, also at those time points, the differences are not statistically significant. These results confirm 

that the hydrogels do not constitute compounds having a negative influence on the metabolic activity of 

cells at toxic concentrations that leached out from the hydrogel.  

 

Figure 2. Determination of metabolic activity of HEK 293T cells growing in the vicinity of the hydrogels at various incubation 

times by an Alamar Blue assay (indirect assay). Alamar Blue fluorescence of cells growing in the vicinity of pAsp-NB (blue) and 

pAsp-AEMA (green) hydrogels are compared to cells growing in the absence of a hydrogel (grey). 

3.4. Processing via DLP and 2PP 

3.4.1. DLP 

DLP is a 3D printing technology based on the local photo-polymerization of a photocurable resin induced 

by UV irradiation. It offers efficient printing since it converts 2D images (CAD design) into 3D structures 

by projecting UV light on an entire layer at once. The nozzle-free system and the opportunity to print in 
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aqueous solution makes DLP printing ideally suitable for biopolymer-based resins [70]. However, the 

processability of a material by DLP depends on many factors, such as the viscosity of the resin, the 

crosslinking ability, the curing kinetics of the biopolymer and the printer settings. To this end, a Jacobs’ 

working curve is commonly exploited, since this provides two parameters of photocurable resins which 

are essential for the success of the DLP printing process, namely the penetration depth of the curing 

light and the critical energy dose required for polymerization [63]. 

The working curves for pAsp-AEMA and pAsp-NB were derived and are reported in Figure 3a. Through 

extrapolation of the linear fitting curves, values of 258 μm and 89 μm were obtained for the penetration 

depth (Dp) and a critical curing dose Ec of 76 and 24 mJ cm-2 was calculated for the pAsp-AEMA and 

pAsp-NB resins, respectively. These values were determined as the slope of the linear regression (Dp) 

and the interception of the Jacobs’ working curve with the x-axis (Ec), and were within the range for 

commercial resins established by Bennet et al. [62]. The correlation coefficients (R2) of the logarithmic 

regression lines were 0.94 for pAsp-AEMA and 0.93 for pAsp-NB. Small deviations in linearity might be 

justified by errors in the handling of soft cured films and in the calculation of the film thickness [71]. 

The results illustrate that the sample based on pAsp-NB required an energy for crosslinking which was 

3 times lower than for pAsp-AEMA and low irradiation intensities (23.16 mW cm-2) were needed for 

building the “Pisa Tower” structure with both materials (Figure 3b). Since the printing process was 

expected to succeed when Cd > z where z represents the height of the single layer [71], a layer thickness 

of 50 μm was chosen as operation parameter. Both resins gave rise to acceptable 3D structures in the 

working conditions set, although the structure produced with the pAsp-AEMA resin showed a superior 

CAD-CAM mimicry compared to pAsp-NB, for which overcuring was observed in the upper region of the 

structure. However, the structure printed with pAsp-AEMA shows more shrinkage compared to the 

structure constituting pAsp-NB. This is a result of the difference in crosslinking mechanism, as chain-

growth crosslinking results in the formation of kinetic chains which makes the resulting hydrogel more 

susceptible to shrinkage [30]. For chain-growth crosslinking, oligomeric methacrylate chains with 

variable lengths are formed, resulting in the pAsp-AEMA chains being on average closer together, while 

for the thiol-ene crosslinking, the thiol crosslinker acts as a spacer between the polymer chains.  

 

Figure 3. (a) Working curves of the DLP formulations exposed to 405 nm and 23.16 mW cm-2. Cd represents the thickness of 

the cured resin and ln E the natural logarithm of the energy applied to the resin. The slope of the fitting equation represents the 

polymerization depth (Dp) and the value of E for zero-thickness represents the critical curing dose, (b) Pictures of the “Pisa 

Tower” structures obtained by DLP for PASP-AEMA (left) and PASP-NB (right). 
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3.4.2. 2PP 

A proof-of-concept towards the processability of the materials by 2PP was shown by a structuring 

performance experiment as previously reported by Van Hoorick et al. for gelatin-based formulations [31, 

60]. By scanning the laser beam through a formulation containing a suitable photo-initiator, 

polymerization can occur in a narrow focal point due to the simultaneous absorption of two photons by 

the photo-initiator. Hence, radicals are generated inducing crosslinking of the material in a narrow 

region. In this way, complex 3D hydrogel structures with high precision can be made by scanning the 

laser beam through the formulation according to a CAD design, followed by a washing step to remove 

the non-crosslinked material [60]. In the 2PP structuring performance experiment, 100 x 100 x 100 µm3 

cubes were printed in a droplet of the precursor solutions on top of a silanized glass slide with a constant 

scanning speed of 600 mm s-1 and a varying average laser power, to determine the minimal power 

needed to obtain crosslinking. The precursor solutions contained 30 w/v% of pAsp-AEMA or pAsp-NB 

(with 0.50 eq. DTT) and 1 mM of the water-soluble and highly efficient 2PP photo-initiator P2CK in PBS 

[64]. For the pAsp-NB based precursor solution, an array of cubes was written in the droplet by variation 

of the laser power between 5 and 100 mW in increments of 5 mW. The 2PP threshold to obtain 

crosslinking for this formulation was 45 mW. For pAsp-AEMA, the laser power was varied between 100 

and 250 mW in increments of 10 mW. Here, the threshold value was 140 mW, which was much higher 

than observed for pAsp-NB. These results show that both materials are processable via 2PP, but that 

there is a difference in processing performance since the pAsp-NB resin requires much lower laser 

power to produce structures than an equally concentrated pAsp-AEMA resin. However, these results 

were anticipated as the thiol-ene step-growth crosslinking has a much lower initiation threshold and 

exhibits faster reaction kinetics compared to chain-growth crosslinking, which was also observed before 

for photo-crosslinkable gelatin [30, 31, 34].  

Finally, the potential to manufacture more complicated structures was demonstrated by 2PP printing of 

the two resins according to a CAD design of a snowflake with dimensions of 200 µm x 180 µm x 100 

µm (Figure 4a). For the resin containing 30 w/v% pAsp-NB and 0.50 eq. DTT, the structure was printed 

with a laser power of 100 mW, as the laser power is usually set to double the threshold value to obtain 

well-defined structures [72]. The printing speed was reduced to 100 mm s-1 to obtain a better CAD-CAM 

mimicry. In Figure 4b, optical and confocal microscopy pictures of the obtained structure are shown. 

The dimensions of the obtained structure were determined through analysis of the optical microscopy 

pictures. The print showed a high precision, but the dimensions in the x and y direction were larger than 

the targeted dimensions of the CAD design, since the structures were visualized in their swollen form. 

Furthermore, confocal microscopy showed the 3D nature of the printed structure and the excellent CAD-

CAM mimicry. For the resin based on 30 w/v% pAsp-AEMA, a laser power of 300 mW and a scanning 

speed of 300 mm s-1 were employed. The structure was also observed in its swollen form (Figure 4c). 

This print showed an excellent CAD-CAM mimicry and the shape could be clearly identified. When the 

two structures are compared, it can be observed that the structure made from crosslinked pAsp-AEMA 
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shows less extensive swelling than the structure from crosslinked pAsp-NB, which was already observed 

during the swelling experiments with hydrogel sheets made from both materials. 

 

Figure 4. (a) CAD design used to print a snowflake (x = 200 µm, y = 180 µm and z = 100 µm), (b) optical microscopy (left) and 

confocal microscopy (right) images of the structures obtained from a 30 w/v% pAsp-NB resin with 0.50 eq. DTT and 1 mM P2CK 

in PBS via 2PP exploiting a laser power of 100 mW and a scanning speed of 100 mm s-1, (c) optical microscopy (left) and 

confocal microscopy (right) images of the structures obtained exploiting a 30 w/v% pAsp-AEMA resin with 1 mM P2CK in PBS 

via 2PP with a laser power of 300 mW and a scanning speed of 300 mm s-1. Microscope images of all structures were taken in 

their swollen form. 

4. Conclusion 

In the present work, two types of modified pAsp derivatives were synthesized. Depending on the 

functional group that was incorporated (NB or AEMA), crosslinking occurred via a different mechanism, 

namely a thiol-ene step-growth mechanism or a chain-growth mechanism. In situ photo-rheology 

measurements showed that both derivatives were photo-crosslinkable and that the mechanism had an 

influence on the crosslinking kinetics and on the final mechanical stiffness of the formed networks. pAsp-

NB showed faster crosslinking kinetics, while the post-polymerization G’ was 29.4 ± 1.3 kPa compared 

to 135.1 ± 4.7 kPa for pAsp-AEMA, and hence pAsp-AEMA hydrogels exhibited a higher stiffness. The 

crosslinking mechanism also had an influence on the final network topology, which was indicated by a 

higher swelling ratio for pAsp-NB compared to pAsp-AEMA (45.7 ± 2.0 g g-1
 compared to 7.4 ± 0.2 g g-

1). Furthermore, a difference in gel fraction was observed between pAsp-NB (75.9 ± 2.8%) and pAsp-

AEMA (87.8 ± 4.2%). These results indicate more efficient network formation for pAsp-AEMA and the 

formation of a denser network for pAsp-AEMA compared to pAsp-NB. Finally, the mass swelling ratio 

and gel fraction was highly influenced by the photo-initiator and crosslinker concentration. An indirect 

Alamar Blue assay using HEK 293T cells as a model system confirmed that the synthesized hydrogels 

were not cytotoxic. Both pAsp-NB and pAsp-AEMA allowed cell growth, proving the absence of 

leachables in toxic concentrations in the hydrogels after sterilization and washing with EtOH.  

Finally, a  proof-of-concept was provided for processing the developed hydrogels by means of DLP and 

2PP. A good CAD-CAM mimicry was obtained for both materials in DLP, with a superior outcome for 
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pAsp-AEMA. The possibility to print complex structures of the materials with excellent CAD-CAM 

mimicry was also proven for 2PP by printing a snowflake structure. Hence, we developed  photo-

crosslinkable pAsp-derivatives which are compatible with light-based AM techniques and which showed 

no cytotoxicity, paving the way towards unprecedented processing capabilities for pAsp serving 

biomedical applications. 
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