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A B S T R A C T   

In tissue engineering (TE), artificial biomaterials have emerged over the past decade as an alternative to auto
transplants. The main characteristics of these materials include good biocompatibility as well as biodegrad
ability. Up to now, most materials used in TE are based on polyesters, which are limited in their scope of 
application, especially as scaffolds, due to their undesirably slow degradation behavior under acidic conditions 
present, e.g. during the process of hydroxyapatite resorption during bone regeneration. Furthermore, the for
mation of acidic degradation products can lead to tissue inflammation or even necrosis. Therefore, alternatives to 
ester functionalities, which show enhanced degradability under acidic conditions, are of interest. Herein, we 
present the synthesis of linear and cyclic acetal-based monomers for photopolymerizable materials. The reac
tivity and mechanical properties of polymer networks derived from these monomers were investigated. More
over, their degradation behavior compared to ester-based polymer networks was explored. Degradation studies 
of the model compounds showed that the synthesized acetals degrade 80 to 200 times faster than their ester 
counterparts. A subsequent in vitro degradation study of polymer networks based on these compounds confirmed 
the potential of acetals moieties in polymeric biomaterials for bone regeneration.   

1. Introduction 

Over the past decades, the demand for bone replacement materials is 
on the rise. Age–related problems in the rapidly aging society of 
developed nations, such as musculoskeletal or cardiovascular diseases, 
contribute to this trend. Today, arthroplastic surgical procedures, such 
as hip joint replacements, are everyday orthopedic practice. Further
more, the recent developments in minimally invasive surgeries, espe
cially in the orthopedic fields of spine surgery [1], increased the need for 
bone grafts. Although bone tissue has the ability to regenerate, the 
coalescence process often fails in the case of major bone fractures or 
significant pathological bone losses [2]. In these cases, massive scaffolds 
are needed to ensure a successful regeneration process. This wide range 
of applications make bone structures the second most transplanted tis
sue after blood [3,4]. 

The “gold standard” for conventional treatments of bone defects is 
autotransplantation of tissue [5]. Within this procedure, tissue is taken 
from and transplanted to the same patient [6]. This means autografts are 

natural bone substitutes and thus, from a biological point of view, the 
best material available because it bears a low immunogenic potency 
combined with a strong ability for incorporation into the host site [7]. 

The main drawback of this technique is that patients who need tissue 
replacements are often affected by multiple conditions and are thus too 
unstable for exhausting operations like autotransplantations. The addi
tional surgery causes donor pain and has an increased potential for 
complications like major vessel and visceral injuries, hematomas, or 
fractures [7–9]. Indeed, the reported morbidity rate for the donor site is 
approximately 20% in all cases [10,11]. Furthermore, the amount of 
graft material is restricted, and sufficient amounts of autografts are often 
not available for massive grafts [12,13]. 

An answer to all these restrictions could be synthetic bone sub
stitutes. Within the scientific field of tissue engineering (TE), the 
development of artificial tissue scaffolds can offer an effective treatment 
strategy for skeletal conditions without a need for risky autotransplants. 

In an ideal case, the bone scaffolds should completely degrade within 
an adequate time. If the degradation rate is too fast, the scaffold cannot 
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provide sufficient support for the construction of new bone tissue. Yet, a 
too slow degradation rate can suppress the formation of bone tissue 
[14]. 

The process of bone-regeneration consists of both bone resorption 
and bone formation. In these processes two different types of cells take 
part. Osteoclasts are involved in the bone resorption [15–17] and oste
oblasts are involved in the regeneration of the new bone matrix [18]. For 
the process of osteoclast-driven bone resorption, a pH below 4.5 is 
essential [19,20]. Only under these acidic conditions, the mineral hy
droxyapatite, the main component of bone structures, is soluble. Indeed, 
to resorb the bone matrix, osteoclasts form an extracellular compart
ment between their cell wall and the bone surface in which pH values of 
3 or even lower can be measured [16,21,22]. 

Natural polymers used in bone regeneration are collagen, gelatin and 
fibrin [23]. Composites of collagen and calcium phosphates are already 
used in orthopedic surgeries as fillers to repair minor bone defects [24]. 
Gelatin can be found in coatings for drugs or as a component for 
degradable hydrogels applied in tissue engineering [25–27]. The 
advantage of these biomaterials is the rapid in vivo degradation cata
lyzed by enzymes [28,29]. 

Most of the reported and applied artificial materials in TE, which are 
worth considering for skeletal bone scaffolds are based on an ester 
polymer backbone, e.g. poly(hydroxy acids) like poly(ε–caprolactone) 
(PCL), poly(glycolic acid) (PGA), and poly(lactic acid) (PLA), poly(an
hydrides) like poly(carboxyphenoxypropane) (PCCP), and poly(car
bonates) like poly(DTR carbonate) (DTR = desaminotyrosyl tyrosine 
alkyl ester) [30–32]. 

Under the acidic conditions created by the osteoblasts to resorb the 
bone structure, materials containing esters as cleavable moieties 
degrade too slow. Furthermore, ester degradation releases acidic prod
ucts, contributing to an increase in inflammation and potential tissue 
necrosis [33]. For this reason, alternatives to esters must be developed to 
push the limitations of bone scaffolds for skeletal conditions. Our 
approach is to incorporate acetals as degradable functional groups into 
the polymer materials. 

In contrast to esters, acetals seem to be suitable because they cleave 
rapidly under acidic conditions. Furthermore, acetals form alcohol and 
aldehyde moieties as degradation products, yielding significantly milder 
pH when compared to an ester degradation. However, aldehydes are 
very reactive functional groups and can couple, e.g. with free amino 
groups of proteins. This might lead to the denaturation of proteins and is 
one of the reasons aldehydes are toxic compounds. The toxicity of 
aliphatic aldehydes is decreasing with an increasing chain length and 
saturated aldehydes are more biocompatible in comparison to unsatu
rated aldehydes [34]. 

The acetal hydrolysis is not an autocatalytic reaction, thus a more 
homogeneous degradation of acetal–based biomaterials is expected 
when compared to biomaterials with incorporated ester groups. The 
structural variation of acetal moieties from linear to cyclic allows to 
adjust and fine–tune the degradation speed of scaffolds to a desired rate 
[35]. Nowadays, additive manufacturing technologies such as 3D 
printing play a key role in bone-regeneration strategies using tissue 
engineering. They allow to create scaffolds with a shape explicitly 
adjusted to the anatomical details obtained from the patient [36]. The 
developed materials containing acetal moieties as degradable groups 
should thus be applicable as photopolymerizable precursors in 3D 
printing. Additionally, these materials can also be cured under mild, 
physiological conditions. 

In this work, we describe the synthesis of linear as well as cyclic 
acetals as photopolymerizable precursors for biomaterials. The network 
formation of the photopolymers is investigated with the help of 
RT–FTNIR–photorheology and the mechanical properties are further 
studied by dynamic mechanical thermal analysis. The rate of degrada
tion for linear and cyclic acetals is determined via 1H NMR experiments. 
Furthermore, the swelling and degradation rate of the photopolymer 
networks were determined at a physiological pH of 2.2. This pH value 

can occur in the extracellular compartment of the osteoclasts during the 
process of bone regeneration [22]. 

Other approaches making use of acetal moieties as degradable 
structures in tissue engineering were published by Betz et al. [37–40]. 
These works focused on the synthesis of hydrogels containing six 
membered cyclic acetals. The applicability of the materials to repair 
bone defects were tested thoroughly e.g. in cell seeding experiments and 
cytotoxicity studies. In contrast to our work the developed materials are 
rather suitable as scaffolds for the replacement of soft tissue. Further
more, the materials were not photopolymerizable and not applicable for 
additive manufacturing. In another notable work, done by Alameda et al. 
[41], hydrolytically degradable thermosets containing a broad range of 
five membered cyclic acetals were synthesized. The main focus of this 
work was on the recyclability of the resulting polymers, thus the 
degradation studies were conducted at a pH 0.2, 7.4 and 13.5 which are 
rather harsh conditions and not applicable in TE. In a recently published 
work by Sycks et al. [42,43], spiroacetals have been utilized to synthe
size tough semicrystalline thiol-ene photopolymers, which are appli
cable for additive manufacturing. No degradation studies were 
conducted as the material was not designed for the application in tissue 
engineering. In a publication by Lingier et al. [44] a large–scale synthesis 
of rigid spiroacetals was presented. The synthesized acetal containing 
thermoplastics had rather high glass transition temperature for up to 
85 ◦C but within the acid-mediated degradation study no degradation 
was monitored, what makes the material less interesting for TE 
applications. 

2. Experimental section 

2.1. Materials and general methods 

Valeraldehyde (TCI), 2-hydroxyethyl methacrylate (HEMA, Sigma- 
Aldrich), glycidyl methacrylate (TCI), terephthalaldehyde (Sigma- 
Aldrich), 4–formylbenzoic acid (BLD Pharmatech ltd.), glycerol (Fluka), 
lithium aluminum hydride (LiAlH4, Fluka), 
4–methylbenzene–1–sulfonic acid (pTsOH, TCI), ammonium chloride 
(NH4Cl, Carl Roth), 1,4–benzenedimethanol (TCI), methacryloyl chlo
ride (Sigma–Aldrich), 4–methoxyphenol (MEHQ, Sigma–Aldrich) and 
phenothiazine (Sigma–Aldrich) were purchased from respective com
panies and used as received unless otherwise noted. The photoinitiator 
bis(4-methoxybenzoyl)diethylgermanium (Ivocerin®) and the mono
mer 1,10–decanediol dimethacrylate (D3MA) were kindly provided by 
Ivoclar Vivadent AG and used as received. Commercial grade tetrahy
drofuran (THF, Donau Chemie) was dried using a PureSolvsystem (Inert, 
Amesbury, MA). Petroleum ether (PE, Donau Chemie), ethyl acetate (EE, 
Donau Chemie), acetonitrile (ACN, 99.9% HPLC, VWR) and chloroform 
(CHCl3, Acros Organics) were used without further purification. All 
monomers were used without removal of inhibitor. 

NMR Spectra. NMR spectra were recorded on a Bruker Avance at 
400 MHz for 1H (100 MHz for 13C) at room temperature. The samples 
were dissolved in CDCl3 or DMSO–d6 and referenced to the solvent re
sidual peak. Chemical shifts are given in ppm, multiplicities are termed s 
(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet), and 
coupling constants (J values) are given in hertz. The data were processed 
with the software TopSpin 3.5 pl 7 from Bruker. 

Refraction Index. The refraction index n20
D was measured with a 

Carl Zeiss Abbe refractometer with a Na lamp at 20 ◦C. 
pH–Evaluation. pH-Values were determined with a pH 340i pocket 

meter and a SI Analytics® pH electrode BlueLine pH 14. 
HPLC Measurements. HPLC measurements were performed with a 

modular HP Agilent 1100 device, equipped with an HP photodiode array 
detector and a quaternary gradient pump. An OUT LipoMare C18 (105 
Å; 5 μm, 150 × 4 mm) reversed-phase column was used at a flow rate of 
0.7 mL min− 1 with an eluent system of H2O:ACN = 42:58 or H2O:ACN =
70:30 for separation. The device was equipped with an autosampler, and 
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the software ChemStation for LC 3D systems from Ailent Technologies 
(vB03.02-SR2). 

Melting points. Melting points were measured on an OptiMelt 
automated melting point system from SRS Stanford Research System. 
The heating rate was set to 2 ◦C min− 1. 

HR–MS Measurements. The analysis was carried out in acetonitrile 
solutions (concentration: 10 μM) by using an HTC PAL system auto
sampler (CTC Analytics AG, Zwingen, Switzerland), an Agilent 1100/ 
1200 HPLC with binary pumps, degasser and column thermostat (Agi
lent Technologies, Waldbronn, Germany) and Agilent 6230 AJS 
ESI–TOF mass spectrometer (Agilent Technologies, Palo Alto, United 
States). Data evaluation was performed using Agilent MassHunter 
Qualitative Analysis B.07.00. Identification was based on peaks ob
tained from extracted ion chromatograms (extraction width ± 20 ppm). 

2.2. Monomer synthesis and characterization 

2.2.1. Synthesis of 1,1′-[pentanebis(oxy-2,1-ethanediyl)]-2-methyl-2- 
propenoic acid ester (AlLA) 

For the synthesis of AlLA, valeraldehyde (3.02 g, 34.8 mmol), HEMA 
(18.14 g, 139.9 mmol), p-TsOH (66.3 mg, 0.3 mmol), MEHQ (1000 
ppm), and phenothiazine (300 ppm) were placed in a 500 mL three- 
necked flask (purged with argon) and dissolved in 200 mL chloroform. 
The reaction mixture stirred at reflux for 3 days with an inverse Dean
–Stark apparatus. The solution was extracted with sat. NaHCO3 solution 
(4 × 40 mL), washed with deionized water (10 × 20 mL) and brine (2 ×
30 mL). The combined organic phases were dried with Na2SO4 and 
filtered. The organic solvent was evaporated under reduced pressure. 
The crude product was purified via flash column chromatography on 
silica gel (petrol ether/triethylamine 5 vol%) and isolated with a yield of 
8.51 g (74% calculated yield) as a light yellow liquid. n20

D = 1.456. 
HR–MS: calc. EM + Na: 351.1783 g/mol; found: 351.1793 g/mol. 1H 
NMR (400 MHz, DMSO–d6) δ (ppm): 6.02 (d, J = 1.6 Hz, 2H, C=CH–H), 
5.68 (dh, J = 3.2, 1.6 Hz, 2H, C=CH–H), 4.61 – 4.52 (m, 1H, CH–(O–)2), 
4.21 (dd, J = 5.5, 4.0 Hz, 4H, OCH2CH2O), 3.74 (ddd, J = 9.3, 6.5, 4.0 
Hz, 2H, OCH2CH2O), 3.69 – 3.62 (m, 2H, OCH2CH2O), 1.88 (dd, J = 3.3, 
2.0 Hz, 6H, C–CH3), 1.57 – 1.48 (m, 2H, (–O)2–CH–CH2–), 1.26 (dt, J =
8.3, 3.9 Hz, 4H, –CH–CH2–CH2–), 0.88 – 0.80 (m, 3H, 
–CH–CH2–CH2–CH3). 13C NMR (100 MHz, DMSO–d6) δ (ppm): 166.4, 
135.8, 125.7, 102.3, 63.7, 62.6, 32.4, 26.3, 21.8, 17.9, 13.8. 

2.2.2. Synthesis of 1,1′-[1,4-phenylenebis(1,3-dioxolane-2,4- 
diylmethylene)]-2-methyl-2-propenoic acid ester (ArBA) 

For the synthesis of the intermediate 2,3-dihydroxypropyl-2-methyl- 
2-propenoic acid ester (GMA), an emulsion of glycidyl methacrylate 
(15.01 g, 106.0 mmol) and water (135.1 g, 7.5 mol) was heated in a 250 
mL three–necked flask to 80 ◦C and stirred for 36 h resulting in a sin
gle–phase solution. The reaction mixture was extracted with ethyl ace
tate (20 × 40 mL), phenothiazine (500 ppm) were added and the solvent 
was evaporated under reduced pressure. GMA (16.10 g, 95% calculated 
yield, colorless oil) was used without further purification in the 
following synthetic step. n20

D = 1.472. 1H NMR (400 MHz, CD3OD) δ 
(ppm): 6.15 (dq, J = 8.5, 1.3 Hz, 1H, C=CH–H), 5.63 (m, J = 1.6 Hz, 1H, 
C=CH–H), 4.85 (s, 2H, –OH), 4.22 (ddd, J = 11.3, 4.4, 1.3 Hz, 1H, 
–O–CH–H–CH), 4.14 (ddd, J = 11.4, 6.1, 1.3 Hz, 1H, –O–CH–H–CH), 
3.87 (qd, J = 5.8, 4.4 Hz, 1H,–CH–OH), 3.64 – 3.52 (m, 2H,– 
CH–CH2–OH), 1.95 (dq, J = 2.6, 1.1 Hz, 3H, –CH3). 

For the synthesis of ArBA, terephthalaldehyde (3.12 g, 23.3 mmol), 
GMA (9.91 g, 61.9 mmol), pTsOH (49 mg, 0.3 mmol), MEHQ (1000 
ppm) and phenothiazine (300 ppm) were dissolved in 200 mL chloro
form in a three–necked round bottomed flask. A reflux condenser and a 
Dean-Stark apparatus were attached to the round-bottomed flask, the 
apparatus was purged with argon and the reaction mixture was heated 
to reflux and stirred for four days. The solution was extracted with sat. 
NaHCO3 solution (20 × 30 mL). The combined organic phases were 

dried over Na2SO4 and filtered, and the solvent was removed under 
reduced pressure. The crude product (3.3 g, 98% calculated yield, highly 
viscous oil) was used without further purification. n20

D = 1.513. HR–MS: 
calc. EM + Na: 441.1520 g/mol; found: 441.1517 g/mol. 1H NMR (400 
MHz, DMSO–d6) δ (ppm): 7.49 – 7.42 (m, 4H, Ar–H), 5.89 – 5.86 (m, 2H, 
C=CH–H), 5.78 – 5.86 (m, 4H, C=CH–H, –CH–(O–)2), 4.55 – 3.93 (m, 
10H, O––C–O–CH2–, –O–CH2–CH–O–, –O–CH2–CH–O–), 1.93 – 1.88 (m, 
6H, –CH3). 13C NMR (100 MHz, DMSO–d6) δ (ppm): 166.4, 135.6, 126.7, 
126.1, 103.2, 73.8, 68.2, 64.4, 17.9. 

2.2.3. Synthesis of 4-(4-((methacryloyloxy)methyl)-1,3-dioxolan-2-yl) 
benzyl methacrylate (ArMA) 

Three steps were necessary to synthesize the monomer ArMA. In the 
first step, 4–(4–(hydroxymethyl)-1,3-dioxolan-2-yl)benzoic acid was 
synthesized. Therefore, 4–formylbenzoic acid (10.00 g, 66.6 mmol), 
NH4Cl (20.06 g, 375.0 mmol) and glycerol (8.18 g, 88.8 mmol) were 
dissolved in 200 mL chloroform in a three-necked round-bottomed flask, 
equipped with an inverse Dean–Stark apparatus and a reflux condenser. 
The apparatus was purged with argon and the reaction mixture was 
heated to reflux for 6 days. The precipitated product was filtered and 
washed with water to remove residual NH4Cl. The product was dried at 
40 ◦C under high vacuum and isolated as beige solid in 9.11 g (60% 
calculated yield) and used without further purification. m.p.: 
169.2–172.1 ◦C. HR–MS: calc. EM + Na: 247.0577 g/mol; found: 
247.0070 g/mol. 1H NMR (400 MHz, DMSO–d6) δ (ppm): 13.03 (s, 1H, 
–COOH), 7.97 – 7.92 (m, 2H, Ar–H), 7.58 – 7.51 (m, 2H, Ar–H), 5.61 (s, 
1H, –CH–(O)2, 5–membered ring), 5.41 (s, 1H, –CH–(O)2, 6–membered 
ring), 5.25 (d, J = 3.1, 1H, –OH, 6–membered ring), 5.03 (d, J = 3.1, 1H, 
–OH, 5–membered ring), 4.17 – 3.90 (m, 3H, (–O–CH2–CH–)2, 
(–O–CH2–CH–), 6–membered ring; (–O–CH2–CH–), 5–membered ring), 
3.79 – 3.68 (m, 1H, –OH, 5–membered ring), 3.56 – 3.50 (m, 2H, 
–CH2–OH). (mixture of 5– and 6–membered rings with a ratio of 60 mol 
% to 40 mol%, calculated with the signals of –CH–(O)2 at 5.61 ppm and 
5.41 ppm. 13C NMR (100 MHz, DMSO–d6) δ (ppm): 167.1, 167.0, 143.1, 
142.4, 130.99, 130.89, 129.9, 129.6, 126.42, 126.38, 99.48, 99.45, 
71.67, 71.66, 71.5, 62.4, 60.2. 

In the second step, the carboxylic group was reduced to a primary 
alcohol, to obtain (4–(4–(hydroxymethyl)1,3-dioxolan-2-yl)phenyl) 
methanol (MB5). Here, dry THF (60 mL) was placed into a three–necked 
flask, cooled down with an ice–bath and purged with argon for 15 min. 
Afterwards, LiAlH4 (0.89 g, 23.5 mmol) was added in small portions to 
the solvent and the mixture was stirred for 10 min. A solution of FBA5 
(2.61 g, 11.6 mmol) in dry THF (100 mL) was added over a time period 
of 90 min with a dropping funnel to the reaction mixture without 
exceeding a reaction temperature of 0 ◦C. After complete addition, the 
reaction mixture was stirred for further 20 min at 0 ◦C and for 20 h at 
room temperature. An aqueous solution of KOH (2.5 wt%, 15 mL) was 
added to quench the excess of LiAlH4. The lithium salts were filtered off, 
and the filtrate was washed with sat. NH4Cl (3 × 30 mL). The combined 
organic phases were dried over Na2SO4 and filtered, and the solvent was 
removed under reduced pressure. The crude product was purified by 
recrystallization from methylene chloride to give the final product as 
white crystals in 3.21 g (57% calculated yield). m.p.: 76.2–79.2 ◦C. 
HR–MS: calc. EM + Na: 233.0784 g/mol; found: 233.0718 g/mol. 1H 
NMR (400 MHz, DMSO–d6) δ (ppm): 7.40 – 7.27 (m, 4H, Ar–H), 5.51 (s, 
1H, –CH–(O)2, 5–membered ring), 5.39 (s, 1H, –CH–(O)2, 6–membered 
ring), 4.49 – 4.48 (m, 2H, Ar–CH2–OH), 4.13 – 4.10 (dd, J = 10.8, 5.3 
Hz, 1H, –O–CH–CH2–OH), 4.03 and 3.93 (d, J = 6.7 Hz, 4H, 
–O–CH2–CHCH2–O–, –O–CH2–CH–CH2–OH), 3.74 – 3.66 (m, 1H, 
–O–CH2–CH–CH2–O), 3.50 – 3.26 (m, 2H, –O–CH–CH2–OH). (mixture of 
5– and 6–membered rings with a ratio of 60 mol% to 40 mol%, calcu
lated with the signals of –CH–(O)2 at 5.51 ppm and 5.38 ppm). 13C NMR 
(100 MHz, DMSO–d6) δ (ppm): 142.9, 142.8, 137.3, 136.5, 125.95, 
125.89, 125.88, 125.82, 100.21, 100.19, 71.6, 71.4, 62.61, 62.57, 62.4, 
60.2. 
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In the last step of the synthesis for ArMA, photopolymerizable groups 
were attached. Therefore, MB5 (1.7 g, 8.1 mmol), MEHQ (1000 ppm), 
phenothiazine (300 ppm) and triethylamine (2.46 g, 24.3 mmol) were 
dissolved in dry THF (200 mL), cooled with an ice bath in a 
three–necked round bottomed flask and purged with argon. Freshly 
distilled methacryloyl chloride (2.03 g, 19.4 mmol) was diluted in 20 mL 
dry THF and added dropwise to the reaction mixture. The reaction 
mixture was stirred for 1 h at 0 ◦C. Then, the reaction mixture was stirred 
for additional 2 days at room temperature. The reaction mixture was 
filtered to remove salts and washed with THF. The organic layer was 
washed with sat. NH4Cl (3 × 30 mL) and brine (2 × 20 mL). The com
bined organic phases were dried with Na2SO4, filtered and the solvent 
was removed under reduced pressure. The product was recrystallized in 
methylene chloride and was isolated as yellow crystals in 2.6 g (91% 
calculated yield). m.p.: 66.8 – 73.2 ◦C. 1H NMR (400 MHz, DMSO–d6) δ 
(ppm): 7.45 – 7.35 (m, 4H, Ar–H), 6.06 (s, 2H, CH2=), 5.75 – 5.74 and 
5.71 – 5.69 (m, 2H, CH2=), 5.59 (s, 1H, –CH–(O)2, 5–membered ring), 
5.42 (s, 1H, CH–(O)2, 6–membered ring), 5.22 – 5.17 (m, 2H, 
Ar–CH2–O), 4.92 – 4.84 (m, 1H, –O–CH2–CH–CH2–O–), 4.33 – 4.29 (m, 
1H, –O–CH–CH2–O–), 4.15 – 4.10 (m, 2H, –O–CH2–CH–O–), 3.81 – 3.67 
(m, 2H, –O–CH2–CH–), 3.50 – 3.45 (m, 2H,–O–CH–CH2–O–), 1.90 – 1.88 
(m, 6H, –CH3). (mixture of 5– and 6–membered rings with a ratio of 40 
mol% to 60 mol%, calculated with the signals of –CH–(O)2 at 5.60 ppm 
and 5.42 ppm). 13C NMR (100 MHz, DMSO–d6) δ (ppm): 166.3, 156.6, 
137.9, 137.3, 136.9, 136.6, 137.7, 135.3, 127.5, 127.4, 126.7, 126.31, 
126.29, 126.10, 126.07, 100.1, 99.9, 71.6, 67.6, 65.49, 65.46, 62.8, 
60.2, 17.99, 17.85. 

2.2.4. Characterization 
Formulation and Specimen Preparation. The preparation of resin 

formulations was performed in an orange light laboratory to avoid un
intended polymerization. The laboratory windows were equipped with 
adhesive foils purchased from the company IFOHA. The foil filters 
wavelengths below 480 nm. Fluorescent lamps from Osram luminux 
with chip control light color 62 were used. The germanium–based 
photoinitiator (PI) Ivocerin® (1 mol%) with a maximum absorption at 
408 nm, the corresponding monomers and the reactive diluent 
N–acryloylmorpholine (NAM) were weighed into a brown glass vial. The 
formulations were mixed with a vortex speed mixer for about one 
minute and left in an ultrasonic bath for additional 5 min. 

Specimen with a geometric shape of 2 × 5 × 40 mm3 for the ther
momechanical measurements (DMTA) and network degradation studies 
were photocured in a Lumamat 100 light oven (provided by Ivoclar 
Vivadent) (400–500 nm) with 6 Osram Dulux L Blue 18 W lamps. 
Exposure was performed for 10 min on the top and additionally 10 min 
on the backside of the samples. 

RT-FTNIR-Photorheology. RT–FTNIR-Photorheology measure
ments were conducted on an Anton Paar MCR 302 WESP. A P–PTD 200/ 
GL Peltier glass plate and a PP25 measuring system were used. A FTIR 
spectrometer (Bruker Vertex 80) with external mirrors to guide the IR 
beam through the sample during the rheology measurements, was 
coupled with the rheometer to analyze the double bond conversion over 
time. More details about the setup and the measurements can be found 
in literature [45]. For detection of the reflected beam, a MCT–detector 
was used. The measurements were performed in triplicates at room 
temperature (25 ◦C). 150 μL sample volume was applied on a glass disk 
which was covered with a PE tape. The PE tape is necessary to remove 
the samples after irradiation easily. The gap size between the measuring 
system and the glass plate was set to 200 μm. UV curing was done with 
an Omnicure Series 200 EXFO as a light source with a 200 W Hg lamp and 
an installed filter (wavelength of 400–500 nm). The light intensity at the 
surface of the PE tape (attached to the glass plate) was measured by an 
Ocean Optics USB 2000 + spectrometer and set to 10 mW cm− 2. The 
samples were irradiated for 300 s. The photorheology measurements 
were analyzed with the software Rheoplus V3.62 from Anton Paar, and 
the IR spectra were analyzed with the software Opus 7.0 from Bruker. 

Due to the simultaneously measured NIR spectra, the double bond 
conversions (DBC) can be calculated from the reduction of the inte
grated peak area of the double bonds of (meth)acrylates at about 6170 
cm− 1 wavenumbers. 

Dynamic Mechanical Thermal Analysis (DMTA). DMTA mea
surements were performed with an Anton Paar MCR 301 device with a 
CTD 450 oven and an SRF 12 measuring system. One specimen per 
formulation was tested in torsion mode with a frequency of 1 Hz and a 
strain of 0.1%. A temperature interval from –100 to 200 ◦C was chosen 
with a heating rate of 2 ◦C min− 1. The temperature at the maximum 
dissipation factor (tan δ) was defined as the glass transition temperature 
Tg. 

Degradation Experiments. The model degradation study of low 
molar mass acetals was performed with 1H NMR spectroscopy. There
fore, monomers were dissolved in a 1:1 mixture of CD3CN/D2O. Then, 
0.5 µL deuterated hydrochloric acid (DCl) were added, and the samples 
were measured immediately and every hour to monitor the degradation. 

Swelling and degradation behavior experiments were performed 
with photopolymerized DMTA specimens. These samples have a defined 
shape of (2 × 5 × 13 mm2), thus reproducible geometry. The samples 
were weighed (m0,dry) and stored in 15 mL acidic solution (hydrochloric 
acid – potassium chloride solution with a set pH = 2.2) at a constant 
temperature of 37 ◦C. The hydrochloric acid – potassium chloride so
lution was prepared by mixing 7.45 g of KCl, 772 mg of HCl with 1 L of 
distilled water. All degradation experiments were conducted in tripli
cates. The pH value was monitored every 3 days to ensure that the pH is 
constant, and the acidic solution was renewed once a week. In order to 
determine the mass change, the samples were taken from the solution 
(mt,swollen), dried using a paper towel, weighed, and placed into the 
acidic solution again. The mass change of the polymer networks was 
determined as follows: 

Mass change[%] =
mt,swollen − m0,dry

m0,dry
∙100  

3. Results and discussion 

3.1. Monomer synthesis 

Acetals is the general term for products obtained from the reaction of 
a carbonyl compound with two hydroxyl functionalities. The carbonyl 
compound can either be an aldehyde or a ketone. In some cases, prod
ucts derived from ketones are referred to as ketals. For the discussion 
concerning the stability against hydrolysis these two types of acetals 
must be differentiated. Acetals formed from ketones are more sensitive 
to hydrolysis in comparison to acetals from aldehydes. Further, the de
gree of substitution at the central carbon of an acetal has a great impact 
on the hydrolysis rate. In general, a higher degree of substitution in
creases the hydrolysis rate, thus, the relative rate follows the order: 
formaldehyde < aldehyde < ketone [46–48]. The degradation of linear 
acetals is more entropically favored than the degradation of their cyclic 
counterparts [49–51]. Further, the ring size substantially affects the 
hydrolysis rate for cyclic acetals. A 5–membered ring with the same 
substituents as a 6–membered ring is more stable [47]. For this study, we 
designed three different acetals and synthesized them intending to 
investigate their degradation behavior. Linear acetals exhibit greater 
flexibility, whereas cyclic acetals are more rigid. Hence, an aliphatic and 
linear acetal 1,1′-[pentanebis(oxy-2,1-ethanediyl)]-2-methyl-2-prope
noic acid ester (AlLA (see Scheme 1)) as well as the aromatic cyclic 
acetals 1,1′–[1,4–phenylenebis(1,3-dioxolane-2,4-diylmethylene)]-2- 
methyl-2-propenoic acid ester (ArBA (see Scheme 1)) and 4-(4-((meth
acryloyloxy)methyl)-1,3-dioxolan-2-yl)benzyl methacrylate (ArMA (see 
Scheme 1)) were synthesized. The influence of the different acetal 
structures on the mechanical properties and the degradation charac
teristics in polymeric networks was of interest. Hence, the acetal–based 
molecules were functionalized with photopolymerizable moieties. 
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Methacrylates were chosen for photopolymerization as they are easily 
accessible, commonly used [52] and considered to have a sufficient 
biocompatibility [53,54]. In addition, a model compound (EIBSPG) was 
synthesized as the acetal–based reference system (more details are 
available in the SI). This molecule contains a spiroacetal moiety, which 
is known for its stability under acidic conditions [44] as well as an ester 
moiety. This ester group is also included in the reference system in order 
to make a direct comparison between acidic degradable acetals and 
commonly used esters. Moreover, two reference systems (aliphatic 
D3MA and aromatic DMMA (see Scheme 1) and details in SI) were used 
as non-degradable precursors. 

In general, the acetal-based monomers were synthesized in conden
sation reactions of the corresponding carbonyl compounds with the 
respective alcohols using p–toluenesulfonic acid as an acidic catalyst 
[55]. The linear and aliphatic acetal was synthesized using valer
aldehyde and hydroxyethyl methacrylate (HEMA) as starting materials. 
Aldehydes are generally known as toxic compounds due to their high 
reactivity. As an example, aldehydes can couple with free amino groups 
of proteins leading to denaturation. The toxicity of linear aldehydes 
decreases with increasing chain length. Furthermore, saturated alde
hydes are more biocompatible than unsaturated ones [34]. Taking these 
points into consideration, valeraldehyde was chosen as a starting ma
terial, as it has a long and unsaturated aliphatic chain and thus has a low 
toxicity. The monofunctional alcohol HEMA was chosen, since it is 
known as a suitable biocompatible material [56] for medical applica
tions [57,58]. In addition, the acetal moiety was introduced in a 

simultaneous step as the photopolymerizable group. 
Synthesis of a bicyclic aromatic acetal requires a difunctional alde

hyde as starting material. Therefore, terephthalaldehyde was chosen, as 
it is also considered harmless [59]. Glycerol methacrylate (GlyMA) 
functions as source for the difunctional alcohol glycidyl methacrylate 
(GMA). According to Ratcliffe et al [60] a ring opening reaction of the 
epoxy group of GlyMA was carried out to obtain two hydroxyl groups in 
one molecule. The reaction of the difunctional alcohol with the 
difunctional aldehyde lead to the bicyclic aromatic acetal ArBA. During 
the ring-opening reaction of GlyMA an intramolecular rearrangement 
occurs, leading to a minor formation of the side product 2-hydroxy-1- 
(hydroxymethyl)ethyl-2-methyl-2-propenoic acid ester [60]. For this 
reason, a mixture of 5– and 6– membered acetals are obtained during the 
conversion with terephthalaldehyde. However, as the 5–membered 
rings were formed in larger quantities, only this product will be depicted 
in the following text. 

The aromatic monocyclic acetal ArMA was synthesized in a three- 
step procedure. 4–Formylbenzoic acid was selected as starting mate
rial due to the electron-withdrawing carboxylic acid, which further ac
celerates the acetal formation with glycerol. Here, 5– and 6–membered 
cyclic acetals were formed as well. The 5–membered ring is kinetically 
favorable (more stable) and thus formed in larger quantities. Hence, 
only this product will be depicted in the following text. Then, the car
boxylic acid can be reduced to the corresponding primary alcohol, 
which is necessary for further functionalization. Furthermore, this 
newly formed primary alcohol group makes the product more flexible. 

Scheme 1. Synthesis and chemical structures of the synthesized acetals AlLA (1), ArBA (2), ArMA (3), and the commercially available non-degradable reference 
precursors DMMA (4) and D3MA (5). 
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The synthesized diol was esterified by converting its hydroxyl groups 
with methacryloylchloride and thus the photopolymerizable groups 
could be attached. 

3.2. Investigation of network formation with RT-FTNIR-photorheology 

RT–FTNIR-Photorhology is an elegant and efficient tool to determine 
the material properties and the corresponding double bond conversion 
in situ, i.e. during photopolymerization. Through this method, mechan
ical data is directly linked with molecular information. The different 
parameters obtained during these measurements (time until 95% of the 
final double bond conversion (DBCfinal) is reached (t95), final DBC 
(DBCfinal), final shrinkage stress (normal force, FN,final), final storage 
modulus (G′

final), enable a rational assessment of the photo
polymerization process. Difunctional and multifunctional methacry
lates, are used in several industrial areas e.g., dental composites or 
additive manufacturing technologies (AMT), respectively. The main 
disadvantages are the developed shrinkage stress and the brittleness of 
the final material. These disadvantages of dimethacrylates result from 
the rapid formation of an extremely dense polymer matrix due to a high 
number of cross-links [45,61]. To counterbalance these drawbacks, the 
reactive diluent N–acryloylmorpholine (NAM) was used in a 1:4 double 
bond ratio (DB ratio) with four double bond parts of the monomer NAM 
to decrease network density while maintaining good mechanical prop
erties (high toughness, high Tg) and good rheological behavior (low 
viscosity). 

For photorheological tests, mixtures of the acetal-based monomers 
and NAM were prepared, and 1 mol% of Ivocerin® was added as a 
photoinitiator. The photoreactivity of the prepared formulations was 
assessed via RT–FTNIR-photorheology at 25 ◦C with a UV/vis broadband 
light source combined with a wavelength filter (400–500 nm). The 
irradiation of formulations in this visible light range shows benefits for 
the future application as bone replacement material. Ivocerin® was 
chosen as PI as it shows low cytotoxicity and intense absorption in the 
visible region and is already used for tissue engineering applications and 
dental fillings [62]. Further, Ivocerin® shows rapid curing with 
increased curing depth even in highly filled systems, which is important 
for 3D printing [63]. The time until 95% of the final double bond con
version is reached (t95) is in case of all formulation relatively fast (51 s – 
72 s) (see Table 1). This fast performance of all formulations is a crucial 
parameter for a successful 3D printing process. The final double bond 
conversions (DBCfinal) are comparable for all formulations (86% – 95%) 
and could be calculated from the integrated peak area of the double 
bonds of (meth)acrylates at ~ 6170 cm− 1. The same observations were 
made for the final shrinkage stress (normal force, FN,final) and the final 
storage modulus G′

final. These comparable results can be explained by 
the high content of the reactive diluent NAM in all formulations. 
Because of the high amount of reactive diluent, all materials perform 
comparably in the formation of the photopolymer networks. 

3.3. Dynamic mechanical thermal analysis (DMTA) 

Valuable information on the crosslinking and its underlying pro
cesses were obtained by photorheology measurements. The final ther
momechanical properties of the material are affected by the change of 
the network architecture, which needs to be characterized by dynamic 
mechanical thermal analysis (DMTA). DMTA provides the impact of the 
acetal–based monomers on the thermomechanical properties of the 
polymer network. This method was used to obtain the storage modulus 
(G’) at different temperatures and to determine the glass transition 
temperatures (Tg), from the maximum of the loss factor (tan δ). A rather 
broad glass transition (full width at half maximum of tan δ, FWHM) 
indicates an unregulated polymer network. The storage modulus at the 
rubber plateau (G’R) correlates with the degree of network crosslinking. 
A high G’R is indicative for a highly cross–linked network [61,64]. 

The aliphatic reference system D3MA and the aliphatic linear acetal 
AlLA show no significant difference in their thermomechanical prop
erties (see Table 2). Aromatic systems show a higher glass transition 
temperature due to steric effects. π–Stacking leads to a decrease in the 
chain mobility, hence an increase of the Tg. The reference system DMMA 
shows the highest Tg and the highest storage modulus at the rubber 
plateau (G’R), which could be reasoned by the high monomer symmetry 
that might promote π–stacking. The acetal moieties lead to a higher 
flexibility and a decreased Tg. Indeed, the two acetal moieties of ArBA 
induce a much sharper glass transition (FWHM) with a significantly 
lower Tg and a lower storage modulus at the rubber plateau (G’R). These 
values are distinctive for a regulated network and therefore, a more 
homogenous and less cross–linked network is assumed. A low crosslink 
density is expected for ArMA as it shows the lowest G’R. This could be 
explained by reduced π–stacking due to the mixture of 5– and 
6–membered rings, which might lead to more unregular polymer 
structure. 

The different storage moduli G’ obtained via RT–FTNIR-photo
rheology and via DMTA measurements are not comparable. In the 
RT–FTNIR-photorheology measurements, values of about 600 kPa were 
obtained. When interpreting these values, it should be taken into 
consideration that PE tape had to be used during the measurement 
which influenced these values. Storage moduli measured via DMTA were 
obtained by torsion deformation and were above 1 GPa. In literature 
values between 3 and 9 GPa are described for bones, depending on the 
frequency of the measurement and water content [65]. However, the 
Young’s modulus (E’) is more commonly reported in literature as a 
characterization parameter for the stiffness of bones. Here, values for 
cortical bones, which are approximately 7 – 30 GPa and 0.05 – 0.5 GPa 
for cancellous bone, can be found [66]. Nevertheless, the glass transition 
temperatures of all acetal-based specimens exceed the human body 
temperature of approximately 37 ◦C. This is a viable parameter to 
evaluate their applicability as bone replacement material, as the mate
rial should not soften or deform in the body. 

Table 1 
RT-FTNIR-Photorheology results for the photopolymerization of D3MA, AlLA, 
DMMA, ArMA and ArBA (all formulations containing NAM in a 1:4 DB–ratio 
and 1 mol% PI).  

Formulation t95 [s] DBCfinal [%]* FN,final [N] G’final [MPa]* 

D3MA 51 ± 2 95 − 24.3 ± 0.1  0.63 
AlLA 54 ± 7 93 − 24.1 ± 0.3  0.66 
DMMA 60 ± 3 93 − 24.4 ± 0.1  0.61 
ArMA 54 ± 3 94 − 23.8 ± 0.2  0.61 
ArBA 72 ± 3 86 − 23.4 ± 0.6  0.66 

t95 = time until 95% of the final double bond conversion DBCfinal is reached; 
DBCfinal = final double bond conversion; FN,final = final shrinkage stress; G’final =

final storage modulus. *DBC final calculated from the peak area at ~6170 cm− 1. 
The standard deviation for the final double bond conversion is lower than 
±0.3%. The standard deviation for the final storage modulus is always lower 
than ±0.01 MPa. 

Table 2 
Results from DMTA measurements of photopolymerized specimens; formulation 
contained the reference system/acetal–based monomer and NAM (1:4 DB-ratio), 
and 1 mol% PI.  

Formulation Tg [◦C] G’25 [MPa] G’37 [MPa] G’R [MPa] FWHM [◦C] 

D3MA 151 1487 1432  8.8  30.1 
AlLA 148 1899 1820  7.1  29.9 
DMMA 180 1770 1712  14.4  41.0 
ArMA 156 1984 1897  3.9  35.7 
ArBA 168 2154 2100  7.1  21.5 

Tg = glass transition temperature; G’25/37 = storage modulus at 25 ◦C and 37 ◦C; 
G’R = storage modulus at the rubber plateau; FWHM = full width at half 
maximum of tan δ. 
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3.4. Degradation experiments 

Commonly used biomaterials are based on polyester, which lead to 
acidic degradation products after hydrolysis, potentially harming sur
roundings and inducing inflammatory responses. Furthermore, the hy
drolysis of polyester is slower in acidic environments, which is 
demanded for some applications. As an example, grafts for bone re
placements can be mentioned. During the process of osteoclast–driven 
bone resorption, an acidic environment with a pH value below 3 is 
created [16,21,22]. The degradation process for acetal-based bio
materials in vivo is usually a hydrolytic process, which can be catalyzed 
by enzymes [67,68]. In order to determine the hydrolysis stability of the 
acetal–based monomers, the degradation experiments were run under 
acidic aqueous conditions. AlLA, ArBA, and ArMA are based on linear 
and cyclic acetals as cleavable moieties. The degradation of acetals leads 
to the release of alcohols and carbonyls and, therefore, avoids acidic 
degradation products. These primary degradation products are expected 
not to affect local acidity and do not induce inflammatory reactions in 
the human body [37,39]. The degradation of these linear and cyclic 
acetals had to be studied in order to assess their potential for polymer
–based biomaterials in tissue engineering. For this purpose, model 
degradation studies of the molecules for direct comparison of their 
stability against hydrolysis were conducted. This model studies only 
assess the cleavage of the chemical moiety, but the polymer matrix’s 
degradation behavior can differ due to matrix effects. In this case, 
degradation of the polymer also depends on chain mobility and crys
tallinity [69,70]. Therefore, in addition to molecular degradation 
studies, their behavior in polymeric networks was investigated. How
ever, it must be considered that the presented in vitro experiments are 
not comparable to an in vivo study. 

3.5. Molecular model degradation study of acetal–based monomers 

For the model degradation study of low molar mass acetals, 1H NMR 
spectroscopy was chosen and the experiments were performed at room 
temperature. The samples were dissolved in a D2O/CD3CN mixture (0.7 
mL) and by addition of 0.5 µL DCl an acidic environment is created, 
which is equivalent to a pH value of about 2.1. Increase or decrease of 
characteristic signals was followed over time and the residual molar 
ratio of the acetals was plotted against the time. 

Fig. 1 shows the hydrolytic degradation of the aliphatic acetal AlLA 
expected for acidic conditions and the residual molar ratio of acetal (in 
[mol%]) over time. For this purpose, the methylene proton signal (6.67 
ppm) was used as an internal standard and the decay of the acetal proton 
(5.23 ppm) was taken as measure for the degradation. The NMR spectra 
for determining the residual acetal AlLA are illustrated in the Supporting 
Information (Fig. S. 7). The experiments show that within the first 6 h, 
half of the acetal is cleaved, and after 2 days, the acetal can be consid
ered fully degraded. The detailed 1H NMR spectra are depicted. 

The degradation study of the aromatic bicyclic acetal ArBA shows 
two cleavage steps. It can be cleaved on one side or both sides under 
acidic conditions. This mechanism is shown in Fig. 2. For calculation of 
the amounts of one-side cleaved and two-side cleaved acetals, the signals 
of the protons on the aromatic ring (ArBA, 8.12 ppm) were used as an 
internal standard as other characteristic signals were not isolated and 
overlapped. After degradation of the first acetal, the signals separate 
(8.22 and 8.50 ppm). If both acetals are completely cleaved, tereph
thalaldehyde is formed and the aromatic protons collapse again to a 
singlet at 8.65 ppm. The aromatic proton signals of the respective 
degradation products were used as measure for degradation. 

Fig. 2 shows the illustration of the degradation process of the starting 
material ArBA. If the cleavage of one acetal moiety per molecule occurs, 
the molecule ArBA is considered degraded, as this would also directly 
lead to the cleavage of network meshes. According to this definition, the 

Fig. 1. Degradation scheme and process of AlLA (–◇–) under acidic conditions by deuterated hydrochloric acid (pH-equivalent of 2.1) during 80 h. (Degradation 
products: Valeraldehyde and HEMA) For better visibility, the symbols were connected with straight lines.) 
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product is already degraded after one day. Consideration of the degra
dation process in detail shows that about 80 mol% of the single
–side–cleaved product is formed within the first 10 h. Afterwards, the 
cleavage of the second acetal sets in and the amount of the single
–side–cleaved product decreases again. Due to the formation and 
degradation of this intermediate product, the curve of the formation of 
terephthalaldehyde ascends steadily. The NMR spectra for the deter
mination of the residual acetal ArBA and the degradation products, 
respectively, are illustrated in the Supporting Information (Fig. S. 8). 

For the degradation experiment of the monocyclic aromatic acetal, it 

must be stressed again that this is a mixture of 5– and 6–membered 
rings. The degradation of the monocyclic aromatic acetal (5– and 6– 
membered ring) under acidic conditions and the residual mol% acetal in 
total and for the respective rings are shown in Fig. 3. 

The signals of the aromatic protons (8.07–7.90 ppm) were used as 
internal standard to determine the degradation by 1H NMR spectros
copy. With this standard and the acetal protons (6.17 ppm for the 
5–membered ring, 6.04 ppm for the 6–membered ring), the amount of 
5– and 6–membered rings was calculated. In the beginning, it was 
determined that the 5–membered ring was formed to 60 mol%. It is 

Fig. 2. Degradation scheme and process of ArBA (–■–) under acidic conditions by deuterated hydrochloric acid (pH-equivalent of 2.1) during 80 h. (Degradation 
products: one–sided acetal (–○–), terephthalaldehyde (⋅⋅▴⋅⋅)) For better visibility, the symbols were connected with straight lines.) 

Fig. 3. Degradation scheme and process of monocyclic aromatic acetal (–△–) under acidic conditions by deuterated hydrochloric acid (pH–equivalent of 2.1) during 
14 h. (5–membered ring: –●–, 6–membered ring ⋅⋅□⋅⋅) For better visibility, the symbols were connected with straight lines.) 
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assumed that the 6–membered ring is more unstable as it was also 
formed in smaller amounts. This can also be seen in the degradation 
behavior, as it cleaves much faster than the 5–membered acetal. During 
the degradation study, it was shown that both acetals were almost 
completely degraded within 12 h. All NMR spectra of the monocyclic 
aromatic acetal are shown in the Supporting Information (Fig. S.9). 

In case of cyclic acetals, ring strain is not the major factor contrib
uting to the thermodynamic stability [71]. Instead the thermodynamic 
stability and thus the hydrolysis rates are determined by stereo elec
tronic effects resulting from the most stable chair conformation of the 
six-membered acetal ring [72]. In this conformation the equatorial lone 
pair orbital is aligned with, and thus is donating electron density into the 
antibonding σ*–orbital of the dissociating C–O bond [72]. It is impor
tant to point out, that the hydrolysis rate of cyclic acetals is also 
dependent on the substituents and to some extend also on the ring strain. 

A small spiroacetal model molecule (EIBSPG, SI) was employed for a 
better comparison of acetal–based molecules with ester-based materials. 
Spiroacetals are commercially available and stable under acidic condi
tions [44]. This experiment proved the stability of the spiroacetal moiety 
and showed the slow cleavage of the ester group in the acidic environ
ment (the detailed study can be found in SI, Fig. S.5–6). 

The first three hours of the degradation experiments were studied in 
detail to better compare the three different monomers with each other 
and to compare them with the stable spiroacetals and commonly used 
esters (Fig. 4). The degradation was fitted linearly and thus, the 
parameter mol% degradation per hour [mol%/h] was calculated. This 
resulted in a degradation rate of 18 mol%/h for the bicyclic acetal ArBA, 
which corresponds to the fastest cleavage than the other acetals. Again, 
it was defined that the acetal is considered degraded as soon as one of 
the two acetal groups is cleaved. This is followed by the linear acetal 
AlLA with 13 mol%/h. ArMA proved to be the most stable of the three 
acetals. This monocyclic acetal degrades at a rate of 8 mol%/h. If the 
mixture of 5– and 6–membered rings is considered separately, the 
6–membered ring cleaves at 12.5 mol%/h and the smaller ring at 5 mol 
%/h. With the determination of the degradation rate, the stability of 
varying acetals structures described in literature can be proved. The 
degradation of linear acetals is typically faster than cyclic acetals 
[49–51]. However, ArBA is an exception, as the substituents on the 
benzene ring in para position to the acetal group have a very important 
influence [48] and hence, lead to lower stability. Further, the ring size 
has an important impact on the hydrolysis rate for cyclic acetals. A 
6–membered ring with the identical substituents as a 5–membered ring 
is less stable [47]. 

3.6. Swelling and degradation behavior of polymer networks 

Molecular degradation studies only provide an insight into the de
gradability of individual molecules and their functional groups, 
respectively. In order to investigate the degradation as a polymer 
network and determine the matrix effects of the polymerized material, 
swelling and mass loss tests were performed. Strictly speaking, swelling 
of polymer networks is defined as volumetric change, which was also 
observed during the experiments (Fig. 5a). But here, an increase in mass 
due to water uptake was taken as indication for swelling. Degradation, 
which corresponds to cleavage of the polymer chains and thus formation 
of oligomers and other small molecules, and loss were differentiated. 
Mass loss describes the loss of material caused by washing–out oligo
mers and monomers from the network due to degradation [73,74]. 

Different processes are expected during the degradation of polymer 
networks. As soon as the network starts to degrade, further expansion of 
the network is expected, leading to higher water uptake and a further 
increase in mass. Consequently, an even more frequent cleavage of labile 
bonds is hypothesized and would lead to elution of small fragments from 
the network, and thus a mass loss can be observed [69]. These processes 
would be determined as mass changes over time. Water uptake would 
correspond to a positive mass change and mass loss to a negative mass 
change. However, especially at the beginning of the degradation pro
cess, mass loss is supposed to be overcompensated by the water uptake 
and therefore, only a positive mass change would be observable. 

For the determination of the degradation behavior, photo
polymerized specimens were prepared. For this purpose, difunctional 
acetal-based monomers (AlLA, ArBA and ArMA), as well as the refer
ence monomers (D3MA and DMMA) were mixed with NAM in a 1:4 DB- 
ratio (monomer:NAM) and 1 mol% PI (Ivocerin®) were added. These 
prepared formulations were photopolymerized and immersed in an 
acidic solution with a set pH value of 2.2. The samples were stored at 
37 ◦C and weighed at regular intervals. 

Fig. 5b shows the positive mass change and the mass loss, respec
tively, of the different acetal–based specimen and their reference sys
tems. The non–degradable reference systems based on ester moieties as 
single functional groups show a slight increase in mass (about 20%) due 
to water uptake. Still, afterwards the weight of the samples stays con
stant over the whole period. This change in mass until the equilibrium 
swelling is reached and the stable weight indicates a non–degradable 
system. All acetal-based systems, however, show a steady increase in 
their mass. During the studies, the mechanical properties were changing 
due to the swelling process (Fig. 5a). A softening effect was observed for 
all acetal–based photopolymerized specimens. However, photopolymers 
based on AlLA show a mass change of 700% in the first week, but then, 
the samples disintegrate and the experiment had to be terminated for 
this material. The aromatic systems (ArBA and ArMA) are more rigid 
than the aliphatic one (AlLA), which shows impact on the matrix effect 
and hence, the water–uptake. Therefore, the swelling takes more time 
than for the aliphatic one. Nevertheless, there is a difference between 
the two polymer networks based on aromatic cyclic acetals. The poly
meric network based on the monocyclic acetal ArMA shows 140% 
swelling within the first week and herewith significantly less swelling 
than the polymer network of the bicyclic system ArBA. Here, up to 200% 
mass change is reached in one week and the mass change increases 
steadily. Considering the degradation model studies of the two mono
mers, it was found that the bicyclic systems are cleaved faster, which 
could also explain the widening of the network and therefore, a higher 
water-uptake. Nevertheless, after 25 days, the photopolymer network of 
the monocyclic ArMA shows a decrease in mass, indicating that the mass 
loss overcompensates the swelling. To differentiate between the degra
dation due to swelling and the actual mass loss, the samples have to be 
dried. Thus, at least one sample was taken from the buffer solution and 
dried at 50 ◦C in an oven until no change in weight could be measured. 
The photopolymer networks based on the reference systems D3MA and 
DMMA show a mass loss of 8% and 6%, respectively, compared to their 

Fig. 4. Detailed view on the degradation experiments for EIBSPG (spiroacetal 
moiety (–○–)) and ester moiety (⋅⋅X⋅⋅)), for monocyclic aromatic acetal MB5 
(–△–), for AlLA (–◇–) and for the ArBA (–■–) under acidic conditions by 
deuterated hydrochloric acid (pH-equivalent of 2.1) within the first three hours. 
(For better visibility of the degradation speed, a trendline is used.) 
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initial mass. The polymerized network based on the linear aliphatic 
acetal AlLA shows a mass loss of 35% (±3%). In this case, all three 
samples were dried due to a rapid degradation during swelling. The 
photopolymerized aromatic acetal-based systems also show a significant 
mass loss. The mass of ArMA is 20% lower than its initial mass and the 
mass of ArBA decreased 21% in about eight months. In conclusion, all 
acetal–based photopolymer network showed a significantly higher mass 
loss than the reference systems. The change in their mechanical prop
erties, the volumetric change and their behavior in these swelling and 
degradation experiments argues for a bulk degradation, which was ex
pected due to the hydrophilic character of the polymer networks. 

4. Conclusion 

New degradable photopolymerizable precursors, containing linear 
and cyclic acetals as acid labile moieties have been synthesized as 
possible alternatives to esters for biomaterials in TE. The polymer 
network formation was studied by RT–FTNIR-photorheology. High 
reactivity and double bond conversion were found for the synthesized 
monomers, which are requirements for a rapid 3D printing process. The 
obtained photopolymers have desired properties such as high glass 
transition temperature and high storage moduli, which were determined 
by dynamic mechanical thermal analysis. A Tg above the body temper
ature is crucial for the possible application as bone replacement mate
rials and all photopolymers have fulfilled this criterion. In molecular 
degradation studies carried out through 1H NMR spectroscopy it could 
be shown that all alternative (linear and cyclic) acetals degrade faster by 
a factor of 80–200 when compared to corresponding ester moieties. An 
additional network degradation study with the photopolymerized sam
ples could show a higher swelling and mass loss in all acetal-based 
samples compared to the reference systems. Therefore, acetals can be 
added to the toolbox of cleavable moieties for an acidic environment in 
TE. 
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