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Abstract 

Polysaccharides are promising renewable alternatives to petroleum-based plastics, and are high-value-added materi-
als in various industries. In this work, we synthesized dextran (α-1,6-glucan) ester derivatives substituting acyl groups 
with different carbon numbers from acetate to laurate. We found that the thermal stability of dextran was improved 
by esterification. Moreover, using differential scanning calorimetry and X-ray diffraction, we revealed that dextran 
ester derivatives were amorphous. Self-standing, transparent, solvent-cast films of dextran ester derivatives were 
prepared. Dextran ester derivatives adhered to various materials, including polyvinyl alcohol (PVA) films, wood, glass, 
and aluminum. In addition, the adhesive interfaces were transparent, which is important for practical applications. 
The adhesive strength for PVA films increased with concentration, exceeding the breaking strength of the PVA film 
at 0.3 g/mL. Moreover, dextran valerate and dextran hexanoate behaved as hot-melt-type adhesives. These results 
demonstrate the potential of dextran ester derivatives as biomass-based adhesives.
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Introduction
Adhesives are an important type of polymer in indus-
tries ranging from electronics to construction. Although 
a variety of synthetic adhesives, such as polyvinyl acetate 
(PVAc), polyvinyl alcohol (PVA), and polyurethane, are 
used in industrial products, they are mainly derived from 
petrochemical resources. For a sustainable economy, it is 
necessary to develop bio-based adhesives from renewable 
resources.

Protein and polysaccharides are representative materi-
als for bio-based adhesives. For example, casein [1] and 
soy protein [2] have been applied as protein-based adhe-
sives for particle boards, and starch [3], chitosan [4, 5], 
and glucomannan [4] have been for particle boards and in 
wood products. Polysaccharide adhesives have particu-
larly good adhesion to wood and wood products owing 
to their polar functional groups, such as hydroxyl groups. 
Therefore, they are promising as alternative adhesive 

materials. However, the widespread adoption of polysac-
charide adhesives is limited by three main shortcomings. 
First, their application as adhesives is limited to wood 
and wood products. The second problem is their low pro-
cessability: they have no solubility in common solvents 
except for water, which requires a long drying time, and 
they lack thermal plasticity. Finally, they have no water-
resistance because of the high hydrophilicity derived 
from their hydroxyl groups. Therefore, novel bio-based 
adhesives are required to overcome these problems.

Esterification of hydroxyl groups of polysaccharides is 
an effective solution to achieve thermal plasticity, solubil-
ity in common organic solvents, and high water-resistance. 
We have previously reported the complete esterification of 
various polysaccharides, including curdlan and paramylon 
[6–9], pullulan [10, 11], and glucomannan [12, 13], all of 
which exhibited thermal plasticity. In addition, Copinet 
et  al. reported that partial acetylation of starch improves 
its thermal processability [14]. Furthermore, it has been 
reported that microbial extracellular polysaccharide ester 
derivatives adhere to wood products [15].

In the present study, we focused on the esterifica-
tion of dextran (α-1,6-glucan) for application as a novel 
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bio-based adhesive. Dextran is a natural polysaccharide, 
which is biologically synthesized by lactic acid bacte-
ria, such as the Leuconostoc and Streptococcus species. 
Although neat dextran is widely used as a plasma aug-
mentor, and as a binding agent in cosmetics because of 
its biocompatibility and biodegradability [16–18], the 
esterification of dextran for application as an industrial 
polymer has not been conducted. Dextran has flexibility 
owing to its main chain, which is composed the α-1,6-
linkage of d-glucose [19]; therefore, we expected that it 
would form a flexible polymeric layer. We also expected 
that this would allow improvements of the Van der Waals 
force between materials and thus improve the adhesive 
properties toward both non-wood materials and wood 
materials.

The objective of this study was to synthesize dextran 
ester derivatives and evaluate their adhesive proper-
ties. Dextran ester derivatives with different alkyl chain 
lengths were synthesized and characterized, and their 
thermal properties were analyzed with thermogravi-
metric analysis (TGA), differential scanning calorimetry 
(DSC) and dynamic mechanical analysis (DMA). In addi-
tion, we evaluated adhesion of dextran ester derivatives 
to PVA films, wood, glass, and aluminum.

Materials and methods
Materials
Dextran (weight-average molecular weights 
(Mw) = 150,000), trifluoroacetic anhydride (TFAA), acetic 
acid, propionic acid, butyric acid, valeric acid, hexanoic 
acid, octanoic acid, decanoic acid, lauric acid, ethanol, 
and chloroform were purchased from Wako Pure Chemi-
cals (Tokyo, Japan). PVA films were provided by Kuraray. 
All reagents are used without further purification.

Preparation of dextran ester derivatives
Dextran ester derivatives were synthesized as shown 
Scheme  1. A representative procedure, for dextran ace-
tate, is described as follows. A premixed solution of TFAA 
(40 mL) and acetic acid (40 mL), which had been stirred at 
50 °C for 5 min, was added to freeze-dried dextran (2.0 g). 

The solution was stirred at 50  °C for 2.0 h. The solution 
was then poured into mixed solution of ethanol (1.0  L) 
and deionized water (1.0 L). The precipitate was filtered, 
dissolved in chloroform, and reprecipitated in the mixture 
of ethanol (1.0 L) and deionized water mixture, and dried 
to give dextran acetate (DexAc, n = 2) (2.2 g, 60% yield). 
For the other dextran esters, a comparable quantity of car-
boxylic acid was used (40 mL or 50 g; n = 3–12). The yields 
(%) of the dextran esters were as follows: dextran propion-
ate (DexPr, n = 3) (2.3  g, 56%), dextran butylate (DexBu, 
n = 4) (3.2 g, 67%), dextran valerate (DexVa, n = 5) (4.2 g, 
79%), dextran hexanoate (DexHe, n = 6) (4.7  g, 84%), 
dextran octanoate (DexOc, n = 8) (5.7  g, 86%), dextran 
decanoate (DexDe, n = 10) (6.7 g, 88%), and dextran lau-
rate (DexLa, n = 12) (7.4 g, 78%).

Nuclear magnetic resonance (NMR) measurements
1H, 13C, double quantum filtered correlation (DQF-
COSY), heteronuclear single quantum coherence 
(HSQC), and heteronuclear multiple bond correlation 
(HMBC) NMR spectra were recorded with a JEOL JNM-
A-500 FT-NMR (500  MHz) spectrometer, using tetra-
methylsilane (TMS) as an internal standard. The degree 
of substitution (DS) of the dextran esters was calculated 
from the ratio of the integrated area of the methyl pro-
tons of the acyl group to the ring protons of glucose unit, 
as follows: DS = ([CH3]/3)/([ring-H]/7).

Gel‑permeation chromatography (GPC) measurements
Number-average molecular weights (Mn) and Mw and 
polydispersity index values (Mw/Mn) were calculated 
using GPC (CBM-20A, DGU-20A3, LC-6AD, SIL-
20ACHT, CTO-20A, RID-10A, Shimadzu) in chloroform 
at 40  °C. Shodex columns (K-806M, K-802) were used, 
and the flow rate was 0.8  mL/min. A calibration curve 
was obtained using polystyrene standards (Shodex).

Thermogravimetric analysis (TGA)
TGA was performed with a Thermo Plus TG 8120 
(Rigaku, Tokyo, Japan) instrument under a nitrogen 
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Scheme 1 Preparation of dextran esters
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atmosphere. The temperature range of measurements 
was 30–450 °C, and the heating rate was 10 °C/min.

Differential scanning calorimetry (DSC)
DSC thermograms were investigated using a DSC8500 
instrument (Perkin-Elmer, Massachusetts, U.S.) under a 
nitrogen atmosphere. Dextran ester powders (2 mg) were 
used as samples. The samples were first heated from − 50 
to 250 °C at a rate of 100 °C/min, cooled to 0 °C at a rate 
of 100 °C/min, and then scanned with heating from 0 to 
250 °C at a rate of 100 °C/min.

Dynamic mechanical analysis (DMA)
DMA measurements were carried out using a DVA-
200S analyzer (IT Measurement Control, Osaka, Japan). 
The temperature range of the scans was 50–200 °C, and 
the heating rate was 5 °C/min. Measurements were per-
formed under a nitrogen atmosphere. The specimens 
(20 × 5  mm2) were prepared from the solvent-cast films 
described in “Tensile testing of the solvent-cast films”.

Tensile testing of the solvent‑cast films
Dextran ester derivatives (0.5  g; DexBu to DexLa) were 
dissolved in chloroform (7.5 mL) and poured onto plates 
(diameter 4.0 cm). The solvent was evaporated in an air 
atmosphere at room temperature for 24  h. Tensile tests 
for these prepared films were carried out at room tem-
perature using an EZ-test machine (Shimadzu, Japan). 
The crosshead speed was 10  mm/min, and the initial 
gauge length was 10 mm. Five specimens (15 × 5 mm2) of 
each dextran ester derivatives were used for each meas-
urement, and the data were averaged for each film.

Wide‑angle X‑ray diffraction analysis (WAXD)
WAXD was performed with a RINT 2000 instrument 
(Rigaku, Tokyo, Japan) operating at 40 kV and 40 mA. Ni-
filtered Cu-Kα radiation (λ = 0.15418 nm) was collimated 
in a 1/2-degree divergence slit, 1/6-degree scatter slit and 
0.15-mm receiving slit. Measurements were performed 
with a Bragg–Brentano type 2θ/θ goniometer in reflection 
mode. The range of scans was 2θ = 2°–40°. The scan rate 
was 0.5°/min and the step size was 0.1°. Solvent-cast films 
(DexPr, DexBu, DexVa, DexHe, and DexLa) and powders 
(DexAc, DexOc, and DexDe) of dextran ester derivatives 
were used as samples.

Preparation of adhesives
Dextran ester derivatives were dissolved in  CHCl3 at 16.5 
wt% (0.29  g/mL). In addition, DexBu was dissolved at 
four different concentrations: 1.9 wt% (0.033  g/mL), 7.5 
wt% (0.13  g/mL), 11.3 wt% (0.20  g/mL), and 16.5 wt% 
(0.29 g/mL). These solutions were used as solvent-volatil-
ization-type adhesives.

Adhesion tests
The adhesion to four kinds of material—birch wood, 
glass, aluminum, and PVA film—was tested for 16.5 
wt% DexBu (0.1  g), which was prepared was described 
in “Preparation of adhesives”. The adhesive area of birch 
wood, glass, and aluminum was 2.5 × 2.5  cm2, and that 
of the PVA film was 2.5 × 2.5 cm2 or 0.5 × 15 mm2. The 
pressure of bonding was 1.0 kPa for 24 h in air at room 
temperature.

Tensile shear strength testing
To evaluate the adhesive strength, we performed tensile 
shear strength tests at room temperature using an EZ-
test machine (Shimadzu, Japan). The crosshead speed 
was 10 mm/min, and the initial gauge length was 10 mm. 
Two PVA films (25 × 25  mm2) were adhered with an 
overlapping area of 25 × 8 mm2. The dextran ester deriva-
tive adhesives from DexPr to DexLa (0.1 mL; 0.29 g/mL) 
and DexBu adhesives at different concentrations (0.1 mL; 
0.033, 0.13, 0.20, and 0.29  g/mL) prepared in “Prepara-
tion of adhesives” section were used for this test. The 
pressure of bonding was 1.0 kPa for 72 h in air at room 
temperature. After drying, these were cut into five strip 
specimens (5 × 8  mm2). Five specimens of the dextran 
ester derivatives were used for each measurement, and 
the data were averaged for each film.

Hot‑melt‑type adhesives
The solvent-cast films (7 × 5 mm2) of DexBu, DexVa, and 
DexHe were placed between two glass slides. We evalu-
ated the adhesion of the different materials to the speci-
mens as they were heated from 20 to 200  °C on a hot 
plate pressed at 20 kPa.

Results and discussion
Preparation of dextran esters
Mw, Mn, and degree of polydispersion (Mw/Mn) of the 
dextran ester derivatives were investigated using GPC. 
DS was estimated from the 1H-NMR spectra. The DS, 
Mw, Mn, and Mw/Mn are listed in Table  1. The Mw var-
ied from 15 × 104 to 32 × 104  g/mol. Representative 1H-
NMR spectra of DexBu and DexLa are shown in Fig. 1. 
The peaks of the ring protons appear at δ3.5–6.0  ppm, 
which is consistent with a previous report for dextran 
propionate acetate [19]. These peaks were assigned based 
on two-dimensional NMR. The peaks of the acyl groups 
appeared at δ0.9–2.5  ppm. Using these results, the DS 
values of all obtained dextran esters were calculated as 
3.0. This indicates that three hydroxyl groups of dextran 
were fully substituted by acyl groups (n = 2–12).
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Thermal properties
The thermal decomposition of dextran ester derivatives 
was measured using TGA. The thermal decomposition 
temperature at 5% weight loss (Td.5%) and 50% weight 
loss (Td.50%) are listed in Table  1, and the TGA curves 
are shown in Fig.  2. The Td.50% values of the dextran 
esters (382–400  °C) were higher than that of neat dex-
tran (325 °C). This indicates that acylation improves the 
thermal stability. These observations are consistent with 
those of previous research on ester derivatives of other 
polysaccharides, such as starch [3, 14], pullulan [10], and 
glucomannan [12].

The results of the DSC measurements are shown in 
Fig.  3. Dextran ester derivatives did not exhibit any 
characteristics of crystallization and melting. This sug-
gests that they are amorphous polymers, similar to 
pullulan ester derivatives [10] and glucomannan ester 
derivatives [12, 14]. Moreover, there was no peak in any 

of the dextran ester derivatives attributed to the glass 
transition temperature (Tg). This indicates that the dif-
ference in the molecular motion of the chains between 
the glass state and the undercooled state is small. This 
phenomenon is often observed in samples that have 
low thermal fluidity (e.g., thermosetting resin [20]).

Table 1 Characteristics of dextran esters

Dextran esters Acyl carbon 
number (n)

DS Mw ( × 104) Mn ( × 104) Mw/Mn Td5% (°C) Td50% (°C) Tg (°C)

Dextran acetate DexAc 2 3.0 – – – 346 387 –

Dextran propionate DexPr 3 3.0 21 7.4 2.8 364 394 –

Dextran butyrate DexBu 4 3.0 22 5.5 4.1 360 395 75

Dextran valerate DexVa 5 3.0 15 6.1 2.4 285 390 18

Dextran hexanoate DexHe 6 3.0 16 6.3 2.5 302 400 − 1.6

Dextran octanoate DexOc 8 3.0 23 6.0 3.8 330 399 2.4

Dextran decanoate DexDe 10 3.0 30 7.2 4.2 273 384 9.4

Dextran laurate DexLa 12 3.0 32 7.9 4.0 269 382 –
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Figure 4 shows the storage modulus (Eʹ) and loss tan-
gent (tanδ) of the dextran ester derivatives measured 
using DMA. The films of DexPr were not measured 
because of their brittleness and weakness, and films 
of DexBu, DexVa, and DexOc broke during measure-
ment. The storage modulus of the five dextran ester 
derivatives that did not break at the start of the meas-
urement decreased at the tanδ peak temperature. 
However, the decrease in Eʹ was smaller than that of 
pullulan ester derivatives [10] and glucomannan ester 
derivatives [12]. This result supports out conclusion 
based on the DSC results above that there is a small 
difference in molecular motion between the glass and 
undercooled states. The peak of tanδ corresponds to 
the Tg. The Tg decreased with increasing acyl carbon 
number (n) in the short side-chain groups (n = 4–6). 
This phenomenon has also been reported in pullulan 
ester derivatives [10].

Preparation and tensile testing of solvent‑cast films
Self-standing solvent-cast films of dextran ester deriva-
tives were obtained by evaporating the chloroform 

solution. A solvent-cast film of DexAc was not prepared 
because DexAc did not dissolve in chloroform. Colorless 
and transparent films were obtained from the dextran 
ester derivatives except for DexOc, which was pale yel-
low. Figure  5 shows images of the DexBu, DexHe, and 
DexDe films.

In the tensile tests, the highest tensile strength of 
8 MPa was observed for DexBu. The mechanical strength 
of dextran ester derivatives was lower than that of other 
polysaccharide ester derivatives, which ranges from 20 to 
40 MPa [6, 10, 12].

X‑ray diffraction measurements
Figure  6 shows the X-ray diffraction patterns of the 
dextran ester derivatives. All samples had a broad 
amorphous peak at 20°, and no crystalline peaks were 
observed. This result is in accordance with the absence of 
Tm in the DSC thermograms. Together, these results sug-
gest that the dextran esters were amorphous polymers.

All diffractograms showed diffraction in the range of 
2θ = 2–4°. The diffraction peaks shifted, depending on 
the side-chain length. Peaks with shorter side chains 
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were observed in relatively wider-angle regions. Similar 
observations were reported in other amorphous poly-
saccharide ester derivatives, such as pullulan [10], and 
glucomannan [12]. In these previous reports, the peaks 
in the range of 2θ = 2–4° were attributed to alignment 
between main chains [10]. The d-spacing between main 
chains of dextran ester derivatives increases with increas-
ing acyl carbon number (n).

Adhesion tests as solvent‑volatilization‑type adhesives
Figure 7 shows images of materials to which DexBu was 
adhered. As shown in Fig.  7b–e, the adhesive is trans-
parent after drying, which is important for industrial 
applications. In addition, the adhesion to a range of 

Fig. 6 X-ray diffractograms of the dextran esters: a DexBu, b DexHe 
and c DexDe

Fig. 7 Images of materials adhered by DexBu: a aluminum and aluminum; b aluminum and glass; c aluminum and wood; d wood and glass; e PVA 
film and aluminum; f PVA film and PVA film and g wood and wood
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materials (i.e., glass–aluminum, wood–aluminum, glass–
wood, PVA film–aluminum, PVA film–PVA film, and 
wood–wood) further demonstrates its wide applicability. 
Moreover, Fig. 7f shows that the DexBu adhesive (applied 
to a PVA film) can lift a weight of 1.0 kg.

The adhesive strength for PVA films was investigated 
by tensile shear strength testing. From propionate to 
octanoate, the specimens broke at the PVA film rather 
than the adhesive layer (Fig.  8b). This suggests that the 
adhesive strength is higher than the tensile strength 
of PVA films. Therefore, in these cases, the adhesive 
strength could not be calculated. By contrast, the adhe-
sive layers of DexDe and DexLa were broken at 0.15 and 
0.18 MPa. This means that dextran ester derivatives with 
short side-chain groups have higher adhesive strength 
than those with long side-chain groups. Moreover, this 
result indicates that the adhesive strength can be con-
trolled by the length of the side chain.

The adhesive strengths of different concentrations of 
DexBu are shown in Table 2 and Fig. 8a. In Table 2, ‘PVA 
failure’ indicates that the specimens were broken at the 
PVA film. This behavior was concentration-dependent: 
at a concentration of 0.20 g/mL, three specimens under-
went PVA failure, whereas at 0.29  g/mL, all specimens 
underwent PVA failure. The adhesive strength of DexBu 
(0.29 g/mL; 0.1 mL) was approximately 0.5 MPa, which is 
equivalent to lifting 2.0 kg with the 40-mm2 adhesive area 
of these specimens.

Adhesive tests as hot‑melt‑type adhesives
Figure  9 shows images for the hot-melt adhesive test-
ing of dextran ester derivatives with different side-chain 
lengths. DexVa and DexHe had adhesive properties at 60 
and 20  °C, respectively. However, DexBu was not adhe-
sive from 20 to 200  °C, despite its glass transition tem-
perature being 75 °C. This is explainable in terms of the 
low thermal fluidity, which was confirmed by the high 
Eʹ. Figure 2a shows that the log(Eʹ) of DexVa at 60 °C and 
DexHe at room temperature was lower than 7.5, whereas 

the log(Eʹ) of DexBu was higher than 7.5 during the 
measurement. This result further confirms the influence 
of the storage modulus on the adhesive properties. More 
broadly, these results demonstrate the potential of dex-
tran ester derivatives as environmentally benign, solvent-
free adhesives.

Conclusion
We prepared dextran ester derivatives with different side-
chain lengths (from acetate to laurate) and investigated 
their physical and adhesive properties. The products 
were amorphous, and adhered not only to PVA film, but 
also to birch wood, glass, and aluminum. The adhesive 
surface of the dextran esters was transparent. Further-
more, some dextran ester derivatives exhibited hot-melt-
type adhesions. These biomaterials could have practical 
applications as environmentally benign adhesives.
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