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A B S T R A C T

Crosslinked gelatin microparticles (cGM) are versatile biomaterials with applications in regenerative medicine, 
tissue engineering, and drug or gene delivery. In this study, we investigated the crosslinking process of pristine 
gelatin microparticles using new generation reactive anhydride-containing amphiphilic oligomers synthesized 
from stearyl acrylate, 4-acryloylmorpholine, and maleic anhydride at varying ratios. An optimal design of ex
periments (DoE) was employed, comprising three factors and three responses. The factors included the anhydride 
content applied per crosslinking reaction (AC), the volume of base, i.e. triethylamine (TEA), and the molecular 
anhydride distribution (MAD) of a given oligomer type, an indirect parameter reflecting the stoichiometric 
density of anhydride units along the oligomer chains. The responses consisted of the mean degree of crosslinking 
(DoC) of the particle batch, degree of swelling (DoS), and particle transparency (MT). Dynamic image analysis 
and light micrographs confirmed the spherical morphology of the crosslinked gelatin microparticles and 
demonstrated that the crosslinking step did not alter particle shape. Through DoE runs, cGM batches with a broad 
range of crosslinking densities (DoC: 34–79%) were achieved. AC exerted the strongest effect on DoC and DoC 
correlated with AC following a logarithmic regression. An overall correlation between DoC and DoS was evident, 
showing that higher crosslinking densities reduced particle swelling. The TEA volume applied during cross
linking indicated that only small amounts were still sufficient to obtain a wide range of DoC, which is a favorable 
outcome as minimizing TEA helps reduce potential adverse effects in the final material. Finally, through DoE 
study, we established that oligomer MAD as a critical material attribute for this process, as it significantly 
influenced all responses.

1. Introduction

Over the years, gelatin-based microparticles have emerged as ver
satile biomaterials, demonstrating utility in a wide range of pharma
ceutical applications, including the delivery of conventional drugs 
[1–4], cells [5–7], proteins [8–12], and nucleic acids [13–17]. In addi
tion, gelatin-based microparticles have gained increasing relevance in 
regenerative medicine and tissue engineering, serving as particulate 
templates for tissue assemblies [7,12–14,18–20]. However, the poor 
thermal and hydrolytic stability of gelatin represents a major limitation 
for its applications, necessitating crosslinking of the gelatin-based par
ticles [21].

To date, different types of crosslinkers have been utilized to crosslink 

gelatin [3,9,10,22–26]. Crosslinking can be achieved in two different 
ways: physically or chemically [21]. Gelatin can be physically cross
linked via electron beam irradiation, plasma treatment or dehy
drothermal treatment [22,27]. However, physical crosslinking is usually 
not an efficient process and offers limited control of crosslinking density. 
In contrast, chemical crosslinking involves the formation of covalent 
bonds, offering advantages in controlling crosslinking density and 
tailoring the final material properties of gelatin. Chemical crosslinkers 
can be classified as i) zero-length crosslinkers, which do not become part 
of the final material, and ii) non-zero-length crosslinkers, which cova
lently crosslink gelatin chains and remain integrated into the final 
structure [21]. Zero-length crosslinkers, such as carbodiimide de
rivatives, offer advantages because the leaching of non-zero-length 
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crosslinkers like glutaraldehyde (GTA) during biodegradation may 
cause toxic effects. However, they often result in fast biodegradation 
rates [28]. Genipin, a naturally occurring crosslinker, is considered a 
good alternative to GTA due to its lower toxicity and comparable 
crosslinking efficiency. Nevertheless, its relatively high cost and typi
cally long reaction times remain challenges for its application [29]. On 
the other hand, anhydride-containing oligomeric crosslinkers offer 
several advantages, including their good biocompatibility, ability to 
achieve high crosslinking densities, and flexibility for chemical modifi
cation via anhydride functionalities to tailor final material properties 
[30]. Moreover, their synthesis provides substantial flexibility in con
trolling and tuning key chemical characteristics of the crosslinker, such 
as molecular weight, copolymer composition and reactive anhydride 
content [24,31,32]. While some of these crosslinkers have previously 
been employed to crosslink pristine gelatin microparticles (GM) [13,14,
23], systematic statistical investigations following controlled experi
mental designs that provide crosslinking process understanding and 
identify key material attributes of the crosslinkers are still lacking.

In this study, we investigated the crosslinking process of pristine GM, 
fabricated via a water-in-oil (W/O) emulsion technique [33], using our 
new-generation anhydride-containing oligomeric crosslinkers composed 
of stearyl acrylate (SA), 4-acryloylmorpholine (AMO), and maleic an
hydride (MA) at varying ratios. We employed an optimal DoE with three 
factors to assess their criticality in the crosslinking process and to 
enhance process understanding for anhydride-containing crosslinkers. 
The investigated factors included the total molar anhydride content (AC) 
introduced by a specific crosslinker, the base volume used in the reac
tion (TEA), and the molecular anhydride distribution (MAD) – an 
oligomer-specific parameter reflecting the stoichiometric density of 
anhydride units along the copolymeric chains. The mean degree of 
crosslinking (DoC) was used as the primary response variable to quantify 
the extent of covalent crosslinking of the gelatin matrix, while the de
gree of swelling (DoS) and particle transparency (MT) were evaluated as 
supportive responses, serving as indicators of network structure to 
support mechanistic interpretation of the crosslinking process.

2. Materials and methods

2.1. Materials

Stearyl acrylate (SA) (97 %, 200 ppm monomethyl ether hydroqui
none), 4-acryloylmorpholine (AMO) (97 %, 1000 ppm MEHQ), anhy
drous tetrahydrofuran (THF) (≥99.9 %, 250 ppm BHT), 
azobisisobutyronitrile (AIBN) (98 %), gelatin type B (~225 g Bloom), 
triethylamine (TEA) (≥99.5 %), sodium bicarbonate (≥ 99.7 %) and 
aqueous trinitrobenzenesulfonic acid (TNBS) solution (5 % (w/v)) were 
purchased from Merck KGaA (Darmstadt, Germany). Medium-chain 
triglycerides (MYRITOL® 318 now: Kollisolv® MCT 70) was pur
chased from Caesar & Loretz GmbH (Hilden, Germany) whereas maleic 
anhydride (MA) (99 %) was obtained from Fisher Scientific GmbH 
(Schwerte, Germany). Acetone and isopropanol were used in technical 

grade. 6 M hydrochloric acid (HCl) solution was purchased from Hon
eywell GmbH (Neuss, Germany) whereas phosphate buffered saline 
(PBS) powder was obtained from AppliChem GmbH (Darmstadt, Ger
many). Demineralized water was produced using a Barnstead™ Micro
Pure™ water purification system (Thermo Fisher Scientific GmbH, 
Dreieich, Germany).

2.2. Synthesis and characterization of oligomeric crosslinkers

Oligomeric crosslinkers were synthesized by free radical polymeri
zation following a protocol similar to those previously described [24,31,
32]. Briefly, to initiate the synthesis, the comonomers, including SA, 
AMO, and MA were dissolved in freshly distilled anhydrous THF. AIBN 
was then added as the radical initiator, and the reaction was carried out 
at 60 ◦C for 18 h under a continuous N2 (g) purge (Fig. 1). At the end of 
the reaction, THF was removed by rotary evaporation to obtain a 
concentrated solution containing the final product. Purification was 
performed through three repeated cycles of diethyl ether precipitation, 
followed by vacuum drying as described before [24,31,32]. The purified 
oligomers were stored in a vacuum chamber until further use. Oligomer 
characterization was conducted using gel permeation chromatography 
(GPC), conductometric titration, and ¹H–NMR, as described previously 
[24,31,32].

The oligomers were designated as oSMoMA-x, with the naming 
based on the molar stoichiometric ratios of the comonomer feed used 
during synthesis. Specifically, the molar feed ratio of MA to SA was 5:1 
in oSMoMA-5 and 7.5:1 in oSMoMA-7.5 etc. For all oligomer types, the 
molar feed ratio of SA to all remaining comonomers was maintained at 
1:20, while the ratio of AIBN to the total comonomers was kept at 2 % 
[mol/mol]. oSMoMA-5, oSMoMA-7.5 and oSMoMA-10 were synthe
sized by introducing all comonomers into the reaction medium simul
taneously. In contrast, for oSMoMA-10c, the reaction was first initiated 
with SA and MA, while AMO was gradually added over 2 h. This 
approach was intended to extend the initial polymer chains with addi
tional anhydride units, ultimately yielding oligomers with a higher 
molecular anhydride content.

2.3. Fabrication of crosslinked gelatin microparticles

Crosslinked gelatin microparticles (cGM) were fabricated in a two- 
step process. First, pristine GM were produced by a W/O emulsion 
method using a fabrication set-up that consisted of a 400 ml borosilicate 
glass beaker (VWR Borosilicate Glass 3.3, 213–1125, VWR International 
GmbH, Germany), an overhead stirring drive (Eurostar 60 control, IKA- 
Werke GmbH & Co. KG, Staufen, Germany) equipped with a three- 
bladed propeller-type tool, and a heating plate (Hei-Tec, Heidolph Sci
entific Products GmbH, Schwabach, Germany). In the second step, GM 
were crosslinked with anhydride-containing oligomeric crosslinkers.

To fabricate pristine GM, a gelatin solution was prepared by dis
solving 2.5 g of gelatin in 25 ml of demineralized water. This solution 
was then introduced into 200 ml of MCT. The mixture was emulsified at 

Fig. 1. Chemical illustration of the synthesis of anhydride-containing random copolymeric oligomers. The reaction medium consists of comonomers and AIBN, as a 
radical initiator. Anhydrous THF was used as a reaction solvent. The reaction was proceeded at 60 ◦C for 18 h under continuous N2 (g) purge.

B. Demir et al.                                                                                                                                                                                                                                   Results in Engineering 29 (2026) 109860 

2 



50 ◦C and 700 rpm for 10 min. Subsequently, the heating plate was 
replaced with an ice bath, and sol-gel transformation was ensured by 
maintaining stirring for 30 min. To harden the particles, 100 ml of 
chilled acetone (technical-grade) was added while stirring continued for 
an additional 60 min [23,33]. The particles were then recovered, 
washed 5 times with acetone, and dried in a fume hood for 2 days, 
followed by an additional day of vacuum drying. Finally, the GM were 
sieved using a sieve with a 140 μm mesh size to remove large agglom
erates. For the experimental design, a homogenous batch of GM was 
obtained by combining multiple GM batches fabricated under the same 
conditions.

In the second step, GM were crosslinked using anhydride-containing 
oligomers in an acetone water mixture providing sufficient solubility for 
the reactive crosslinker and a certain degree of solubilization of the 
particles without dissolving the particles assuring chemical access to 
gelatin’s amine groups. Our crosslinking reaction is based on anhydride- 
amine conjugation chemistry, as previously described in the literature 
[13,14,23], where primary amine groups in gelatin chains were cross
linked with reactive anhydride units of the oligomeric crosslinkers. Prior 
to use in crosslinking, oligomer batches were incubated in an oven at 
130 ◦C for 24 h to enhance anhydride reactivity, as recommended in 
literature [34]. GM crosslinking was conducted at two different scales: a 
large scale for preliminary batches and a downscaled version for the DoE 
batches, which was chosen for practical reasons. In the preliminary 
batches, 1 g of GM was initially wetted with 2 ml of acetone. Either 1 g or 
2 g of oligomeric crosslinkers were dissolved in 18 ml of acetone and 
subsequently added to the GM. The final oligomer concentration relative 
to final acetone volume was 5 % [1 g oligomer in 20 ml acetone] and 10 
% [2 g oligomer in 20 ml acetone], respectively. Immediately thereafter, 
1 ml of TEA and 10 ml of demineralized water added to the mixture, 
respectively. Water was used to induce GM swelling, facilitating the 
diffusion of oligomers throughout the particle volume.

In DoE experimental series, 0.5 g of GM was initially wetted with 1 
ml of acetone. The oligomeric crosslinker weight corresponding to the 
target AC was dissolved in 9 ml of acetone and added to the GM. Sub
sequently, the required volume of TEA and 5 ml of water were 

introduced sequentially into the reaction mixture. Independent of the 
setup, the reaction proceeded for 4 h at room temperature (RT), after 
which the cGM were recovered and washed multiple times with fresh 
acetone to remove unreacted oligomers and TEA. The final cGM were 
dried in a fume hood for one day, followed by an additional day of 
vacuum drying under conditions that are not considered to yield dehy
drothermal crosslinking (Fig. 2a).

2.4. Particle characterization

2.4.1. Particle size and shape characterization
The particle size distribution (PSD) of fabricated cGM batches was 

characterized using laser diffraction (Mastersizer 3000 equipped with a 
Hydro SV dispersion unit, Malvern Panalytical GmbH, Kassel, Ger
many). Measurements were conducted for two particle states: non- 
swollen particles and PBS-swollen particles. For this, particles were 
dispersed in isopropanol for the non-swollen state and in phosphate- 
buffered saline (PBS) for the swollen state before diffraction analysis. 
Each batch was measured in triplicate by maintaining laser obscuration 
between 5–7 %, and results were expressed as a volume distribution 
using the Fraunhofer approximation. The de Brouckere mean diameter 
(D[4,3]) was used to determine the mean particle diameter for each cGM 
batch in both states. The degree of swelling (DoS) for each cGM batch 
was then calculated using Eq. (1) as previously reported in the literature 
[23]. 

DoS =

(
D[4,3]PBS − D[4,3]isopropanol

D[4,3]isopropanol

)

(1) 

Particle shape characterization was performed using light micro
scopy equipped with a camera (Leica DMLB, Leica Microsystems GmbH, 
Wetzlar, Germany) and dynamic image analysis (DIA) (Sync Analyzer, 
Microtrac Retsch GmbH, Haan, Germany). Microscopic images of cGM 
batches were captured in both their dry- and PBS-swollen states. DIA 
measurements were conducted using demineralized water as a disper
sant for PBS-swollen batches. For DIA measurements, approximately 10 
ml of cGM dispersion (1.5 mg/ml) was introduced into the FlowSync 

Fig. 2. (a) Illustration of cGM fabrication and characterization process. Reaction mixture contains pristine gelatin microparticles (GM), oSMoMA-x solution (dis
solved in acetone), triethylamine (TEA) and demineralized water. Water was used to swell particles to facilitate oligomer penetration and assure crosslinking 
throughout the particle volume. Crosslinked particles were analyzed regarding particle size distribution (PSD), particle shape factors, swelling behavior and degree of 
crosslinking. (b) Chemical illustration of gelatin crosslinking through anhydride-amine conjugation reaction. Anhydride groups in oSMoMA-x react with primary 
amines in gelatin chains while TEA assures deprotonation of free amines to facilitate the nucleophilic attack.
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unit, and particle images were recorded. Particle shape characterization 
was based on two shape parameters: sphericity and length-to-width (L/ 
W) aspect ratio (AR), as defined by ISO 9276–6:2008. The mean sphe
ricity and mean L/W aspect ratio (AR) of each batch were used to 
numerically assess the shape of cGM in the PBS-swollen state. Moreover, 
DIA was used to evaluate the optical properties of individual PBS- 
swollen particles, including particle transparency, according to ISO 
9276–6:2008 [35]. For each cGM batch, transparency values were 
calculated on a per-particle basis by the analysis software, and the batch 
mean particle transparency (MT) was calculated as the arithmetic mean 
of all analyzed particles within each batch. MT was used as a response 
variable in the DoE analysis.

2.4.2. Determination of degree of crosslinking of cGM
Degree of crosslinking (DoC) was indirectly quantified using TNBS 

assay as previously described in the literature [23] with certain modi
fications. TNBS reacts with free primary amines in the cGM which was 
subsequently quantified spectrophotometrically. For the assay, the 
mixture of cGM containing 1 ml of 4 % sodium bicarbonate solution, 4 
ml of demineralized water and 1 ml of 0.5 % TNBS solution were 
incubated in water bath at 40 ◦C for 4 h. Afterwards, 18 ml of 6 M HCl 
solution was introduced into the mixture to stop the complexation re
action and hydrolyze the cGM. The reaction mixture was then incubated 
at 60 ◦C for additional 1.5 h to ensure cGM hydrolysis and achieve a 
clear solution. For each batch, the assay included three cGM samples (n 
= 3) and one blank, which contained all reaction components and un
derwent the same procedure, except that HCl was added at the begin
ning to prevent complex formation. In the end, absorbance was read at 
the wavelength of 365 nm. The final absorbance values of cGM were 
achieved by subtracting absorbance of the blank from the raw absor
bance of cGM. The calibration curve using pristine GM was created by 
the same assay procedure (Fig. S1, supplementary data) and used to 
calculate DoC as given in Eq. (2). 

DoC [%] =

(

1 −
ABScGM

ABSrefGM

)

⋅100 (2) 

where ABScGM is the absorbance of cGM and ABSrefGM is the absorbance 
of pristine GM with the same weight (calculated from the calibration 
curve).

2.5. Design of experiments (DoE)

The DoE consists of three factors: (1) Anhydride content per cross
linking reaction (AC) [mmol]; (2) TEA volume per reaction (TEA) [ml]; 
(3) Molecular anhydride distribution per oligomer (MAD) [Da]. Olig
omer anhydride content per weight (oAC) for each synthesized oligomer 
batch was calculated using conductometric titration, as previously 
described [31], and expressed in Eq. (3). Later, for each crosslinking 
reaction, AC was assured by introducing required weight of oligomer 
resulting in the predefined AC [mmol] per crosslinking reaction. 

oAC
[
mol
g

]

=
Oligomer anhydride mol [mol]

Oligomer weight [g]
(3) 

Molecular anhydride distribution (MAD) is an oligomer-specific 
factor included as structural variable in the DoE. MAD represents a 
stoichiometric descriptor of anhydride distribution along the oligomer 
backbone, defined as the number-averaged oligomer chain length per 
anhydride unit. To determine MAD for each oligomer batch, the mo
lecular anhydride content per oligomer (MAC), defined as the dimen
sionless number of anhydride units per oligomer backbone, was first 
calculated from the oligomer anhydride content per weight (oAC) and 
the oligomer mol per unit mass [mol⋅g⁻¹] according to Eq. (4). 

MAC =

Oligomer anhydride content [mol]
Oligomer weight [g]
Oligomer mol [mol]
Oligomer weight [g]

=
Oligomer anhydride content [mol]

Oligomer mol [mol]
(4) 

Subsequently, MAD was calculated using Eq. (5) as the ratio of the 

Table 1 
List of experimental runs and oligomer types that were used for the DoE study: DoE runs were based on the optimal design with three factors, including, AC [mmol], 
TEA [ml] and oligomer MAD [Da]. AC was calculated from the titration data and shows the total amount of anhydride units introduced in the crosslinking reaction via 
oSMoMA-x. MAD shows the distribution of anhydride units though oligomeric chains. High MAD values indicate low number anhydride units per oligomer chain.

Exp. name Run order Oligomer type AC [mmol] - coded TEA [ml] - coded MAD [Da] - coded AC [mmol] TEA [ml] MAD [Da]

N1 N6 oSMoMA-10c − 1 − 1 − 1 0.93 0.30 316.3
N2 N18 oSMoMA-10c 1 − 1 − 1 3.04 0.30 316.3
N3 N11 oSMoMA-10c − 1 1 − 1 0.93 1.70 316.3
N4 N25 oSMoMA-10c 1 1 − 1 3.04 1.70 316.3
N5 N14 oSMoMA-10c 1 1 − 1 3.04 1.70 316.3
N6 N3 oSMoMA-10c − 1 − 0.333 − 1 0.93 0.77 316.3
N7 N2 oSMoMA-10c − 1 0.333 − 1 0.93 1.23 316.3
N8 N24 oSMoMA-10c 1 − 0.333 − 1 3.04 0.77 316.3
N9 N22 oSMoMA-10c 0.333 − 1 − 1 2.33 0.30 316.3
N10 N10 oSMoMA-10c − 0.333 1 − 1 1.63 1.70 316.3
N11 N5 oSMoMA-5 − 1 − 1 1 0.93 0.30 515.9
N12 N20 oSMoMA-5 1 − 1 1 3.04 0.30 515.9
N13 N21 oSMoMA-5 − 1 1 1 0.93 1.70 515.9
N14 N29 oSMoMA-5 1 1 1 3.04 1.70 515.9
N15 N15 oSMoMA-5 1 1 1 3.04 1.70 515.9
N16 N27 oSMoMA-5 − 1 − 0.333 1 0.93 0.77 515.9
N17 N23 oSMoMA-5 − 1 0.333 1 0.93 1.23 515.9
N18 N16 oSMoMA-5 1 − 0.333 1 3.04 0.77 515.9
N19 N19 oSMoMA-5 − 0.333 − 1 1 1.63 0.30 515.9
N20 N7 oSMoMA-5 0.333 − 1 1 2.33 0.30 515.9
N21 N12 oSMoMA-5 − 0.333 1 1 1.63 1.70 515.9
N22 N9 oSMoMA-7.5 − 1 − 1 − 0.278 0.93 0.30 388.4
N23 N26 oSMoMA-7.5 1 − 1 − 0.278 3.04 0.30 388.4
N24 N8 oSMoMA-7.5 − 1 1 − 0.278 0.93 1.70 388.4
N25 N1 oSMoMA-7.5 1 0.333 − 0.278 3.04 1.23 388.4
N26 N4 oSMoMA-7.5 0.333 1 − 0.278 2.33 1.70 388.4
N27 N17 oSMoMA-7.5 0 0 − 0.278 1.98 1.00 388.4
N28 N28 oSMoMA-7.5 0 0 − 0.278 1.98 1.00 388.4
N29 N30 oSMoMA-7.5 0 0 − 0.278 1.98 1.00 388.4
N30 N13 oSMoMA-7.5 0 0 − 0.278 1.98 1.00 388.4
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oligomer Mn to MAC. A higher MAD values correspond to lower stoi
chiometric density of anhydride units along the oligomer chain, whereas 
lower MAD values indicate a higher anhydride density. 

MAD [Da] =
Oligomer Mn [Da]

Molecular anhydride content per oligomer
(5) 

AC and TEA had flexible factor levels that could be easily adjusted. In 
contrast, MAD was a unique factor, specific to the oligomer batches used 
in this DoE (Table 1) and was therefore a non-flexible factor with three 
levels and no center point. Since classical experimental designs could 
not accommodate such level settings, the optimal design algorithm 
provided by MODDE 13 Pro software (Version 13.0, Sartorius AG, 
Göttingen, Germany) was used to generate optimal response-surface 
design candidates. To minimize confounding between design terms, 
primarily caused by the asymmetric factor levels of the factor MAD, we 
specifically selected a design with a high number of experimental runs (n 
= 30). Initially, D-optimization was set as the objective, and multiple full 
quadratic design candidates were sorted in descending order based on 
their log(det(X'X)) values. The first two candidates exhibited the highest 
log(det(X'X)) values of 11.19, with corresponding G-efficiencies of 71.26 
%. However, the third design candidate, which had a slightly lower log 
(det(X'X)) value of 11.16, was selected due to a substantial improvement 
in G-efficiency, which was 75.91 %. The selected design included three 
sets of replicates and five levels for the factors AC and TEA. Prior to 
regression modeling, quantitative factors were centered and orthogo
nally scaled, resulting in coded experimental variables used for coeffi
cient estimation (Table 1). The correlation matrix of the selected optimal 
design was provided in the supplementary data (Fig. S2). The responses 
included batch mean DoC, DoS and MT. Experiments were performed in 
randomized order and data were fitted using multiple linear regression 
(MLR) method. Significant effects were determined using analysis of 
variance (ANOVA) test at 95 % confidence level. Data analysis was 
carried out using MODDE 13 Pro, whereas data visualization was pri
marily performed in OriginPro (Version 2024b, OriginLab Corporation, 
Massachusetts, USA).

3. Results and discussion

3.1. Oligomer characterization

Table 2 presents the number-averaged molecular weights (Mn), 

molecular weight dispersities (Đ) and anhydride contents per weight 
[mmol/g] for the oligomer batches used in this study. Some oligomer 
batches were used for the fabrication of preliminary cGM batches, while 
the remaining batches were utilized in the fabrication of cGM batches of 
the DoE runs. Oligomer batches with higher MA feed per synthesis 
yielded oligomers with smaller Mn. The negative trend between MA feed 
and Mn indicates that higher molar MA content during radical poly
merization led to the formation of oligomers with shorter chains. This 
was phenomena that was already reported for several former generation 
anhydride-containing oligomers that were introduced by our group and 
attributed to the reduced number of charge-transfer complexes (CTCs) in 
the case of higher MA and lower AMO feed. MA is a reactive electro
philic monomer with minimal tendency toward homopolymerization. In 
contrast, AMO, acting as an electron donor and good proton acceptor, 
facilitates the formation of charge-transfer complexes (CTCs) with MA 
during propagation phase. These CTCs promote efficient alternating 
copolymerization. Increasing MA content by decreasing AMO is thus 
expected to lead to less CTC formation, which then would terminate 
radical polymerization earlier, ultimately leading to oligomers with 
lower molecular weight [24,31,32,36]. As intended, oligomers synthe
sized with higher MA feed exhibited higher anhydride content per 
weight [mmol/g].

Fig. 3 illustrates the 1H NMR spectra of representative oligomer 
batches for each oligomer type and their peak assignments whereas 
Table 3 presents the integration details.

Prior to analysis, the I2 integral area in each ¹H–NMR spectrum was 
normalized to 30 protons, which sets the fatty acid chain of SA as in
ternal standard. Based on this normalization, a set of equations was 
established to determine the relative molar contents of MA (bMA) and 
AMO (bAMO) relative to SA (bSA is set to 1). Besides the coefficients bMA 
and bAMO that determine the molar ratio of MA and AMO to SA in the 
resulting polymer, we also introduced the scaling factor f that converts 
the relative NMR-derived comonomer ratios (b-values) into the absolute 
mass contributions of each comonomer to the individuals co-oligomer 
molecular weight (Eq. (6)). The factor f consequently also denotes the 
molar ratio of SA per co-oligomer. 

Mn

[ g
mol

]
= f ⋅(1⋅MSA + bAMO⋅MAMO + bMA⋅MMA) (6) 

The anhydride content per oligomer (oAC) that was determined by 
titration (Eq. (3)), was converted to the molecular weight contribution 
of MA groups (MCMA) within an average oligomer molecule (Eq. (7)). 

MCMA

[ g
mol

]
=

(

oAC
[
mol
g

]

⋅MMA

[ g
mol

])

⋅Mn (Oligomer)
[ g
mol

]
(7) 

To determine the comonomer composition of the crosslinker oligo
mers by 1HNMR, we derived Eqs. (8) and (9) using Eq. (6) in combi
nation with MCMA. Eqs. (10) and (11) were derived from peak assignment 
in the ¹H–NMR spectra. 

f ⋅(1⋅MSA + bAMO⋅MAMO)
[ g
mol

]
= Mn − MCMA

[ g
mol

]
(8) 

f ⋅(bMA⋅MMA)
[ g
mol

]
= MCMA

[ g
mol

]
(9) 

9⋅bAMO + 2⋅bMA = I4 − 2 (10) 

11⋅bAMO + 2⋅bMA = I3 + I4 − 7 (11) 

These equations were used to calculate f , bMA and bAMO. Table 4
summarizes the results obtained from two calculation approaches: (1) 
using only integral I₄ to derive the desired information by resolving Eqs. 
(8), (9) and (10), and (2) employing both I₃ and I₄ to determine the 
proton numbers according to Eqs. (8), (9) and (11). Both approaches 
were evaluated, as each is subject to experimental bias. Approach 1 
requires subtraction of the water signal despite incomplete baseline 
separation during the integration of I₄. Approach 2 additionally includes 

Table 2 
List of oligomer batches and their number averaged molecular weight (Mn), 
molecular weight dispersity (Đ), their anhydride content per weight (oAC). 
Batches including, O1, O3 and O5 were used to fabricate preliminary cGM 
batches while O2, O4 and O6 were used to fabricate cGM batches of DoE runs.

Batch 
code

Oligomer 
type

Mn 

[Da]
Đ Anhydride content 

per oligomer weight 
(oAC) [mmol/g]

Application

O1 oSMoMA- 
5

2411 
± 22

1.91 
±

0.01

1.86 ± 0.04 Preliminary

O2 oSMoMA- 
5

2294 
± 39

1.68 
±

0.02

1.94 ± 0.11 DoE

O3 oSMoMA- 
7.5

1955 
± 08

1.74 
±

0.01

2.34 ± 0.04 Preliminary

O4 oSMoMA- 
7.5

1783 
± 34

1.67 
±

0.03

2.57 ± 0.16 DoE

O5 oSMoMA- 
10

1641 
± 04

1.61 
±

0.04

3.04 ± 0.02 Preliminary

O6 oSMoMA- 
10c

1623 
± 06

1.58 
±

0.01

3.16 ± 0.05 DoE
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Fig. 3. Peak assignments of 1H NMR spectra of representative oligomer batches for each oligomer type: (a) Overall spectra, (b) Zoomed spectra and peak assign
ments. From bottom to top, each spectrum belongs to batch code of O1, O3, O5 and O6, respectively (Table 2 for oligomer batch codes). The protons were labeled 
with letters, and each letter was assigned to the corresponding peak. 1H NMR measurements were conducted at 300 MHz frequency (Bruker Avance III - 300, Bruker 
BioSpin GmbH, Ettlingen, Germany) using dimethyl sulfoxide-d6 (DMSO‑d6) as a solvent at a sample concentration of 2.5 mg/ml. Prior to evaluation, each raw 1H 
NMR spectrum was processed using MNova software (version: 14.2.0, Mestrelab Research, S.L.U., Barcelona, Spain). Spectrum processing was performed using 
following steps: (1) Line smoothing (Whittaker method), (2) Manual phase correction and (3) Auto-baseline correction. Prediction tool in the software was used for 
peak assignments.
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the protons of I₃ to compensate for errors arising from water-signal 
extraction but tends to overestimate the protons contributing to I₃, 
since the integrated peaks are located on an elevated baseline (Fig. 3).

In comparison to the theoretical feed ratios (Table 4), both analytical 
approaches indicated a higher incorporation of MA and AMO relative to 
SA, which is consistent with previous observations. During radical 
polymerization, SA is presumed to exhibit lower reactivity than the 
comonomers MA and, in particular, AMO. The incorporation of MA, 
represented by bMA, was generally close to the theoretical feed ratios 
across all oligomer batches for both approaches. The deviation between 
the theoretical AMO/SA feed ratio (theoretical bAMO) and the calculated 
bAMO increased for oligomers synthesized with higher MA feed ratios, 
such as oSMoMA-10. At high AMO feeds, e.g. for a theoretical bAMO of 
10, AMO homooligomerization is promoted, yielding calculated values 
of 14.54 using the first approach and 15.46 using the second approach. 
As intended, this deviation was less pronounced for oSMoMA-10c, in 
which AMO was introduced gradually over 2 h, allowing for improved 
stoichiometric control over the copolymerization.

Similar deviations have been reported previously for anhydride- 
containing oligomers, where proton signal ratios were influenced by 
oligomer type and MA content. Loth et al. and Krieghoff et al. analyzed 
oligo(PEDAS-co-NiPAAm-co-MA) using CDCl₃/DMSO‑d₆ (2:1 v/v) as 

NMR solvent and, consistent with our first approach, derived the 
NiPAAm/PEDAS ratio from a single integral [31,36]. Their results 
showed higher experimental than theoretical ratios for oligomers syn
thesized with elevated MA feed (oPNMA-7.5 and oPNMA-10). This trend 
was also reported for DAAm/PEDAS systems [32] and is now likewise 
observed for the AMO/SA (bAMO) ratios in this study.

3.2. GM crosslinking process

3.2.1. Preliminary experiments
Fig. 4 presents the plots, created from preliminary cGM batches. 

Higher DoC [%] was achieved with oligomers that contained more an
hydride groups per weight [mmol/g] and with the use of higher olig
omer concentrations (Fig. 4a). Furthermore, a non-linear trend was 
observed when the same data were expressed as a function of AC used 
per crosslinking reaction [mmol] and DoC [%] (Fig. 4b). This trend was 
expected since the crosslinking reaction approaches saturation at high 
crosslinking densities, likely due to the reduced availability of free 
amine groups as crosslinking progresses. Subsequently, applying the 
natural logarithm to AC linearized the data (Fig. 4c), indicating that the 
observed correlation follows a logarithmic regression.

These initial observations suggested that quadratic effects might be 
significant in the crosslinking process when DoC is used as the response, 
providing initial insights for our DoE planning. In addition, the linear
ization of AC through ln-transformation became of interest in the DoE 
study. Therefore, for the response DoC, we also evaluated the current 
design using ln(AC) as a factor, referring to this model as the “ln(AC) 
model”. The model using AC as a factor was referred to as the “AC 
model”.

3.2.2. Design of experiments (DoE)

3.2.2.1. Descriptive overview of DoE study. Fig. 5 illustrates the design 

Table 3 
Integration details and number of theoretical protons for each comonomer per 
integral area.

Integral name Integration range [ppm] Number of theoretical protons 
assigned for each integral area

SA MA AMO

I1 0.81 – 0.89 3 0 0
I2 1.15 – 1.35 30 0 0
I3 1.38 – 2.17 5 0 2
I4 [2.90 – 3.26) ∪ (3.43 – 4.18] 2 2 9

Table 4 
Molar ratio of comonomers calculated through 1HNMR integrations, GPC and titration results. In 1HNMR spectra, SA protons were normalized using I2 area to 30 
protons. Molar content of AMO in the end was calculated either from I4 or from I3 and I4.

Oligomer batch Theoretical reaction feed molar ratios Comonomer composition – calculated molar ratios

calculated from Integral I4 calculated from integrals I3 and I4

SA MA AMO AMO/SA (bAMO) MA/SA (bMA) f AMO/SA (bAMO) MA/SA (bMA) f

oSMoMA-5 1.0 5.0 15.0 16.7 6.1 0.74 17.2 6.3 0.72
oSMoMA-7.5 1.0 7.5 12.5 15.6 7.7 0.60 16.5 8.1 0.57
oSMoMA-10 1.0 10.0 10.0 14.5 10.3 0.49 15.5 10.8 0.46
oSMoMA-10c 1.0 10.0 10.0 12.8 9.8 0.53 13.8 10.4 0.49

Fig. 4. cGM fabricated in experiments preceding the DoE series. Plots (a) - (c) show the same cGM degree of crosslinking (DoC) data plotted as a function of (a) 
oligomer type and concentration, (b) anhydride content used per crosslinking reaction (AC), which exhibits a nonlinear AC-DoC relationship, and (c) ln-transformed 
anhydride content (ln(AC)), resulting in a logarithmic DoC-ln(AC) relationship.
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Fig. 5. (a) Illustration of the design region of the experimental runs of the optimal design. The design region was generated from coded factor levels, and corre
sponding non-coded values as provided in Table 1. (b) Molar mass distribution of oligomer batches that were used to fabricate cGM of the DoE runs.

Fig. 6. Overview of particle size, shape, and crosslinking characteristics of cGM batches obtained from the DoE runs. (a) Box-whisker plot of the de Brouckere mean 
diameter (D[4,3]) of all cGM batches of DoE runs at dry-state (particles dispersed in isopropanol) and at swollen-state (particles swollen in PBS); (b) Box-whisker plot 
of batch degree of crosslinking of cGM batches of DoE runs (n = 30) and (c) Box-whisker plot of batch mean sphericity and mean L/W AR of PBS swollen-cGM batches 
of DoE runs. Boxes and whiskers indicate the 25–75 and 1–99 percentiles, respectively.

Fig. 7. Light micrographs of cGM batches representing low, medium and high crosslinking density. (a) cGM batch “N16” in dry state, degree of crosslinking: 34.15 ±
1.13 %; (b) cGM batch “N18” in dry state, degree of crosslinking: 59.68 ± 1.22 %; (c) cGM batch “N8” in dry state, degree of crosslinking: 78.82 ± 1.65 %; (d) cGM 
batch “N16” in PBS-swollen state; (e) cGM batch “N18” in PBS-swollen state and (f) cGM batch “N8” in PBS-swollen state.
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region for the selected “optimal design” and the molecular mass distri
bution of oligomer batches used to fabricate DoE batches. For oSMoMA- 
5, synthesized with a low MA feed, the resulting oligomer exhibited 
relatively longer chain lengths and broader molecular mass distribu
tions, whereas increasing the MA feed during synthesis yielded oligo
mers with shorter chains and narrower molecular mass distributions.

Fig. 6 illustrates Box-Whisker plots of responses related to particle 
size, shape, and DoC for the cGM batches of the DoE study. The mean D 
[4,3] of non-swollen cGM (measured in isopropanol) ranged from 63 to 
75 μm, while after swelling in PBS, the mean D[4,3] increased to a range 
of 98 to 120 μm across the DoE batches (Fig. 6a). The DoC of the DoE 
batches indicates that, with the current factor-level combinations, we 
achieved particles with a broad range of crosslinking densities, allowing 
for a comprehensive analysis of this response (Fig. 6b). The maximum 
degree of cGM crosslinking achieved in this study with oSMoMA-x was 
comparable to the highly crosslinked cGM reported for conventional 
crosslinkers such as glutaraldehyde [37] and genipin [9], as well as 
earlier-generation anhydride-containing crosslinkers like oPNMA-x 
[23]. Highly crosslinked GM prepared with anhydride-containing olig
omers may exhibit increased surface acidity, which could influence 
cell-material interactions in tissue-engineering applications [38,39]. 
However, elevated crosslinking densities can also be advantageous for 
drug-delivery strategies, for example by enabling macrophage-mediated 
microparticle degradation associated with drug release [40]. Therefore, 
the demonstrated capability to precisely tune the DoC over a broad 
range constitutes a key advantage for rational and application-oriented 
material design.

In our previous work, we conducted an extensive study on the 
fabrication of pristine GM, focusing on controlling particle size distri
bution and shape. Particle shape quality was evaluated based on two 
morphological parameters: sphericity and length-to-width (L/W) aspect 
ratio [33]. In the present study, particle shape analysis of PBS-swollen 
cGM batches revealed predominantly spherical morphologies across 
the DoE batches, although certain batches exhibited higher L/W aspect 
ratios, likely due to increased agglomeration tendencies after cross
linking. Nonetheless, all batches showed mean sphericity values 
exceeding 0.95, confirming that the crosslinking process did not alter 
particle morphology. Spherical particle shape was further supported by 
light micrographs presented in Fig. 7, showing exemplary batches across 
varying crosslinking densities. Notably, most particles appeared even 
more spherical, particularly after PBS swelling. These results highlight 
the importance of controlling particle shape quality during the initial 
GM fabrication process [33], and suggest that unlike conventional 
crosslinkers such as GTA [23], post-fabrication crosslinking step using 
oSMoMA-x as a crosslinker has no negative impact on particle shape.

3.2.2.2. DoE model development and statistical evaluation. Table 5 sum
marizes the model terms for both full quadratic and tuned models, along 
with the metrics obtained after tuning. The response DoC exhibited a 
good model fit and high predictive power for both the AC and ln(AC) 
models, before and after model tuning. In contrast, the models for DoS 
and MT showed weaker fits, reflected by lower prediction power (Q²) 
values and reproducibility. These deviations were mainly driven by 
batches N14 and N29, which likely experienced experimental in
consistencies but were nevertheless retained in the datasets.

Additional residual analyses, provided in the supplementary data 
(Fig. S3) confirmed generally random residual distributions with minor 
deviations from normality. The lower Q² values observed for DoS and 
MT are attributed to the nature of these responses as indirect indicators 
of network structure, which exhibited lower reproducibility across 
replicate runs compared to the chemically sensitive TNBS-based DoC 
determination. Although DoC values are obtained from bulk particle 
samples, the TNBS assay provides a direct quantitative assessment of 
crosslinking. In contrast, DoS and MT represent physical responses 
derived from particle size and optical measurements obtained via laser 
diffraction and dynamic image analysis. While these analytical methods 
themselves are highly reproducible, the calculated responses are more 
sensitive to distribution effects and agglomeration tendencies, whereas 
the DoS response additionally reflects variability propagation associated 
with its ratio-based calculation. Notably, model tuning improved pre
diction power, particularly for DoS. Variability related to analytically 
derived factors such as AC and MAD may also contribute to residual 
variation. Since both parameters were calculated from experimentally- 
determined oligomer properties (oAC and Mn), analytical variability is 
unavoidable. However, comparable variability across oligomer batches 
(Table 2) indicates that the relative separation between factor levels 
remained robust across different oligomer types within experimental 
limits, suggesting that potential variations in MAD did not compromise 
the overall DoE interpretation. Overall, the model validity was high 
across all investigated responses.

3.2.2.3. Analysis and interpretation of DoE effects 
DoE effects on crosslinking behavior of GM. In order to understand the 

crosslinking behavior of GM, the effects of individual DoE factors were 
first interpreted through the DoC response. Coefficient plots for the 
models developed through the DoE were shown in Fig. 8. For the 
response DoC, Fig. 8a compares the coefficients of the AC model and the 
ln(AC) model. The quadratic effect of AC, which was significant in the 
AC model, became insignificant in the ln(AC) model. This finding further 
supports our preliminary data (Fig. 4) that the AC-DoC relationship 
follows a logarithmic regression, suggesting progressive saturation of 
accessible gelatin amines relative to the available anhydride content 

Table 5 
List of model terms and metrics, obtained for each response before and after model tuning. AC: anhydride content per crosslinking reaction [mmol]; TEA: triethylamine 
volume used per crosslinking reaction [ml] and MAD: molecular anhydride distribution [Da].

List of model terms

AC model

Response Before model tuning After model tuning

DoC [%] AC, TEA, MAD, AC⋅AC, TEA⋅TEA, MAD⋅MAD, AC⋅TEA, AC⋅MAD, TEA⋅MAD AC, TEA, MAD, AC⋅AC, TEA⋅TEA, MAD⋅MAD, AC⋅TEA
DoS AC, TEA, MAD, AC⋅AC, TEA⋅TEA, MAD⋅MAD, AC⋅TEA, AC⋅MAD, TEA⋅MAD AC, TEA, MAD, MAD⋅MAD, TEA⋅MAD
MT AC, TEA, MAD, AC⋅AC, TEA⋅TEA, MAD⋅MAD, AC⋅TEA, AC⋅MAD, TEA⋅MAD AC, TEA, MAD, AC⋅AC, TEA⋅TEA, MAD⋅MAD, AC⋅TEA, TEA⋅MAD
ln(AC) model
DoC [%] ln(AC), TEA, MAD, ln(AC)⋅ ln(AC), TEA⋅TEA, MAD⋅MAD, ln(AC)⋅TEA, ln(AC)⋅MAD, TEA⋅MAD ln(AC), TEA, MAD, TEA⋅TEA, MAD⋅MAD, ln(AC)⋅TEA
Model metrics
AC model
Response R2 Q2 Model validity Model reproducibility R2 Q2 Model validity Model reproducibility
DoC [%] 0.960 0.902 0.951 0.914 0.959 0.921 0.962 0.914
DoS 0.669 0.266 0.939 0.358 0.639 0.436 0.948 0.358
MT 0.804 0.542 0.950 0.578 0.804 0.592 0.958 0.578
ln(AC) model
DoC [%] 0.958 0.896 0.940 0.914 0.954 0.919 0.950 0.914

B. Demir et al.                                                                                                                                                                                                                                   Results in Engineering 29 (2026) 109860 

9 



during the crosslinking process. In addition, the coefficients of the other 
design terms were comparable between the AC and ln(AC) models, 
indicating that a logarithmic transformation of AC had minimal influ
ence on the remaining model terms. Comparable saturation effects be
tween crosslinker amount and crosslinking density have been reported 
in GA-crosslinked bulk gelatin hydrogel systems, where limited acces
sibility of reactive sites and diffusion constraints may restrict further 
increases in crosslinking at higher crosslinker levels [41]. However, 

quantitative descriptions of saturation-type crosslinking behavior 
remain scarce in the GM literature. The data obtained in the present 
study substantiate a logarithmic relationship between AC and DoC, 
thereby providing an improved quantitative description of this satura
tion behavior for GM crosslinked with the investigated 
anhydride-containing oligomer system within the explored design re
gion. On the other hand, negative main effect of AC on the responses DoS 
and MT indicate that at high AC conditions, particles swell less and 

Fig. 8. Scaled and centered coefficient plots of non-tuned full quadratic models derived for each response. Coefficients for AC-based and ln(AC)-based models are 
shown for direct comparison; AC terms shown on the x-axis correspond to ln(AC) terms in the ln(AC) model. (a) Batch mean degree of crosslinking (DoC) [%]; (b) 
batch mean degree of swelling (DoS); (c) batch mean particle transparency (MT). AC: anhydride content per crosslinking reaction [mmol]; TEA: triethylamine volume 
[ml]; MAD: molecular anhydride distribution [Da]. Coefficients are shown as means with 95 % confidence intervals.
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become less transparent likely, due to their higher particle crosslinking 
density. For the response DoS, AC showed almost no quadratic effect. 
Therefore, under the current factor level combinations, particle swelling 
seems to follow a linear trend with AC, the factor with highest effect on 
particle crosslinking density.

In contrast to AC, the significant negative main effect of TEA volume 
on DoC suggests that the crosslinking reaction may be hindered at higher 
pH values. As the positive quadratic effect of TEA on DoC appeared 
insignificant, it can be assumed that the reaction is negatively affected 
under conditions exceeding a certain pH threshold. Since our cross
linking method involves water to facilitate GM swelling, we assume that 
highly basic environments resulting from elevated TEA content may 
accelerate the hydrolysis kinetics of anhydride units. Typically, the 
amide formation in the crosslinking reaction is expected to proceed 
faster than anhydride hydrolysis at neutral pH. However, due to the 
diffusion barrier of the GM matrix through which oligomeric cross
linkers must diffuse in a time-dependent manner, hydrolysis kinetics 
may influence the resulting DoC. The effect of pH on hydrolysis kinetics 
of cyclic anhydride-containing oligomers or copolymers has not been 
extensively investigated in the literature. However, early kinetic studies 
indicate that anhydride hydrolysis in aqueous media is accelerated 
under basic conditions (pH > 8) for certain small molecules, such as 
phthalic anhydride [42] and naphthalic anhydride [43].

Mechanistic interpretation and material implications of DoE results. To 
further interpret the DoE results in terms of network structure and ma
terial behavior, the effects of individual factors on particle swelling 
(DoS) and optical properties (MT) were examined. Contrary to its effect 
on DoC, TEA volume showed a significant positive main effect for DoS, 
indicating that particles crosslinked with higher TEA volume exhibited 
greater swelling. This outcome was expected, as lower crosslinking 
density renders the crosslinked gelatin network more flexible at the 
molecular level, leading to enhanced particle swelling. Such behavior 
aligns with classical hydrogel swelling concepts, where lower cross
linking density reduces the elastic constraints of the polymer network 
[44], enabling greater swelling of the matrix upon equilibrium water 
uptake. The negative effect of crosslinking density on cGM swelling has 
likewise been reported in several other studies involving different types 
of crosslinkers, including glutaraldehyde, genipin [37], D,L-DlLcer
aldehyde [26] and 3-glycidoxypropyltrimethoxysilane [3]. From a 
quality-by-design (QbD) perspective, controlling crosslinking density 
and swelling behavior is critical, as these parameters govern degrada
tion characteristics and thereby influence CQAs such as drug-release 
profiles in gelatin-based microparticle systems [3,45–47]. Finally, the 
negative main effect of TEA on MT may indicate that the crosslinking 
pattern varies with TEA levels. As a proton scavenger, TEA influences 
the degree of deprotonation of amines in gelatin chains. At higher TEA 
levels, a greater fraction of primary amine group may become reactive 
toward anhydrides, potentially altering the local distribution of cross
links within the particle matrix, which could influence light scattering 
and thereby reduce particle transparency. This behavior is also consis
tent with the coefficients of the response DoS, suggesting that optical 
properties are sensitive to local network topology rather than solely to 
the average swelling behavior of the particles.

Factor MAD represents the distribution of anhydride units along 
oligomeric chains. Higher MAD values correspond to fewer anhydride 
units per Dalton of oligomer chain length, indicating lower stoichio
metric density of anhydride units within oligomer chains. During gelatin 
crosslinking with anhydride-containing oligomers, the number of an
hydride units participating in the crosslinking reaction is a critical 
parameter for final material design. Each unreacted anhydride group 
will eventually hydrolyze, generating two carboxylic acid groups per 
unit, whereas anhydride-amine coupling yields a single carboxyl group 
adjacent to an amide linkage [14,23]. The outcomes of anhydride units 
participating in crosslinking versus undergoing hydrolysis, and their 
implications for the microenvironmental pH of the final cGM, were 
schematically illustrated in Fig. S4 (supplementary data). The formation 

of additional carboxylic acid groups due to unreacted anhydride units is 
anticipated to lower the microenvironmental pH of the final cGM, 
potentially imposing limitations on the material design. For instance, 
acidic microenvironments have been reported to inhibit osteoblast 
proliferation [38] and to decrease cell viability while affecting cell 
morphology in macrophages [39]. Since the stoichiometric anhydride 
density per oligomer chain length might affect the number of anhydrides 
reacting with gelatin amines, MAD was considered as a critical material 
attribute for the crosslinking process. The significant negative main ef
fect of MAD on DoC indicated that the crosslinking density was reduced 
for oligomers with lower anhydride density along the oligomer chains. 
This effect can also be related to diffusion challenges upon crosslinking 
as there is a correlation between MAD and oligomer molecular weight. 
Oligomer batches with higher MAD also exhibited larger chain lengths 
(higher Mn), which likely diffuse into GM more slowly than those with 
lower MAD and lower molecular weight. Oligomers with high MAD (and 
concomitant high Mn) may less freely reach deeper layers of the particles 
limiting the access of anhydride units to gelatin amines. As previously 
established, longer diffusion times may also correlate with increased 
anhydride hydrolysis and ultimately result in reduced crosslinking 
densities of the matrix network.

The significant negative quadratic effect of MAD on the response DoS 
reveals that particle swelling was greater within a certain MAD range, 
whereas cGM crosslinked with oligomers at either high or low MAD 
exhibited restricted swelling. This outcome was expected for cGM 
crosslinked with oligomers with low MAD, as a higher number of an
hydride units distributed per unit oligomer chain length likely promoted 
more frequent amine-anhydride conjugation, ultimately restricting the 
swelling capacity of the final cGM. Interestingly, swelling was also 
slightly restricted at high MAD levels. Consistent with the diffusion- 
related considerations discussed above, slower transport of longer 
oligomer chains at high MAD may promote heterogeneous crosslinking 
during particle penetration. Such heterogeneous network formation 
may introduce locally denser regions that limit chain mobility and 
impose localized elastic constraints within the gelatin matrix, thereby 
constraining macroscopic swelling even in cGM with relatively lower 
DoC. These results suggest that MAD not only influences the overall 
swelling behavior but also modulates the network structure of the cGM 
matrix, which is also reflected in the optical properties of the swollen 
particles. Positive significant main effect of MAD on MT suggests that 
particles become more transparent once crosslinking is achieved 
through longer oligomer chains with lower anhydride density. However, 
the negative quadratic effect of MAD also reveals that MT is particularly 
reduced when oligomers with lower MAD values are used. In addition, 
the positive interaction effect (TEA⋅MAD), which was close to signifi
cance, suggests that increased amine reactivity at high TEA levels en
hances MAD-dependent differences in network structure, making MT 
particularly sensitive to variations in MAD under these conditions. De
tails of the factor-response relationships are further visualized through 
response contour plots presented in Fig. S5 (supplementary data).

These results highlight the importance of considering MAD as a 
factor in future crosslinking processes, particularly for material designs 
that involve oligomer pre-derivatization prior to crosslinking. For 
instance, Hinkelmann et al. derivatized 25 mol % of intact anhydride 
units in the oligomer oPNMA-7.5 using N,N-diethylethylenediamine 
prior to its use in crosslinking. This modification was designed to 
introduce positively charged functional groups into the final cGM, 
thereby enhancing its cell-attachment properties when applied as a 
microtissue assembly platform [13,14]. However, partial consumption 
of anhydride units prior to crosslinking alters MAD, which may in turn 
affect the crosslinking process. Therefore, MAD can be considered as an 
additional factor in such processes in the future to achieve cGM with the 
desired DoC. In addition, unlike the same studies where cGM were 
fabricated with relatively high TEA volumes [13,14], our results 
demonstrated that cGM with a broad range of DoC can be effectively 
produced using minimal TEA volumes, a favorable outcome since 

B. Demir et al.                                                                                                                                                                                                                                   Results in Engineering 29 (2026) 109860 

11 



residual TEA may exert hazardous effects on cells. Finally, in this study 
we introduced AC as a factor rather than using oligomer weight or 
percentage, which have previously been used as key process parameters. 
This approach provides greater flexibility in controlling the DoC of the 
final cGM, particularly when new oligomers with varying anhydride 
content are used in the future. Table 6 summarizes the relationships 
between investigated factors, observed response trends, and their 
mechanistic implications for the resulting material properties.

4. Conclusion

The present work systematically investigated the crosslinking pro
cess of GM with a new generation oligomeric anhydride-containing 
crosslinkers, oSMoMA-x, using DoE statistics. Batches of cGM were 
effectively fabricated with a broad range of DoC, comparable to those 
obtained with conventional crosslinkers and earlier-generation anhy
dride-containing crosslinkers. The spherical shape of GM was main
tained during crosslinking which was confirmed by dynamic image 
analysis and light micrographs, demonstrating that the crosslinking 
strategy did not considerably alter particle morphology. Moreover, in 
this study, oligomer AC was introduced for the first time as a factor, 
rather than controlling the process through oligomer weight or con
centration. AC was found to have an effect with highest magnitude on 
particle DoC, and AC logarithmically correlated with DoC. A general 
trend between DoC and DoS was also noticeable, suggesting that particle 
swelling was reduced by denser crosslinking. The TEA volume used in 
the crosslinking reactions showed that low levels are sufficient to ach
ieve a broad range of DoC. Therefore, future studies should consider 
employing lower TEA. The anhydride distribution along the oligomers 
indirectly reflects the stoichiometric density of anhydride units along 
the oligomer chains. Through DoE, MAD was established as a critical 
material attribute for this process, as it exhibited significant effects on all 
responses. Therefore, we recommend that MAD be considered as a factor 
in future studies, not only for prospective new-generation oligomers but 
also for strategies that involve oligomer pre-derivatization. To our 
knowledge, this is the first study to investigate cGM crosslinking by 
amine-anhydride conversion using DoE statistics, providing process 

insights to guide future studies employing prospective crosslinkers in 
cGM fabrication.
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