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A quartz crystal microbalance with dissipation monitoring of 

dehydrogenative copolymerization of coniferyl alcohol and sinapyl 

alcohol 

Dehydrogenation polymers (DHPs) can be prepared from coniferyl alcohol (CA), 1 
but not solely from sinapyl alcohol (SA) when catalyzed by horseradish peroxidase 2 
(HRP). However, it has been proven that from a mixture of CA and SA, DHP with 3 
SA incorporated can be formed even with HRP. Conventional experiments using 4 
this mixed monolignol system required large amounts of monolignols and enzymes. 5 
The use of a quartz crystal microbalance with dissipation (QCM-D) can overcome 6 
this drawback. In this study, the dehydrogenative copolymerization of small 7 
amounts of CA/SA mixtures and HRP was performed on a QCM-D to further 8 
explore the benefits of this system. The DHPs were successfully formed from 9 
mixed monolignols on the QCM-D system, and the incorporation of the SA unit 10 
was verified through differences in DHP formation between binary monolignol 11 
systems and the corresponding CA-single systems. The formation of DHP in the 12 
presence of the polysaccharide matrix was performed at the same reaction scale, 13 
and the promotional effect of partially acetylated xylan on DHP formation was 14 
observed, especially at high CA ratios. The QCM-D monitoring system will be a 15 
valuable tool for analyses under limited substrates and/or enzymes that may be 16 
encountered in the future. 17 

Keywords: QCM-D; dehydrogenation polymer; sinapyl alcohol 18 

Introduction 19 

A quartz crystal microbalance (QCM) is a technology that enables the real-time 20 

quantification of adsorbates on its sensor surface by utilizing the inverse piezoelectric 21 

effect of quartz crystals in an electric field. One notable advantage of this method is its 22 

ability to detect slight mass difference, e.g., 17.7 ng/cm2/Hz for a 5 MHz crystal.[1] In 23 

addition, when the QCM is coupled with dissipation monitoring, known as QCM-D, it 24 

not only provides information about the mass adsorbed on a sensor surface but also offers 25 

insights into the viscoelastic behavior of the layer generated by adsorbed materials on a 26 
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sensor surface through the measurement of the dissipation factor. QCM-D is widely used 27 

to investigate the interactions between macromolecules and substrates, such as cellulose 28 

derivatives and inorganics, cell membranes and lignin small molecules, and so on.[2–5] In 29 

addition, Wang et al.[6] monitored the dehydrogenative polymerization of small doses of 30 

monolignols (14 µmol) initiated by horseradish peroxidase (HRP) immobilized on sensor 31 

surfaces in real time using QCM-D, demonstrating that dehydrogenation polymers 32 

(DHPs) could be successfully obtained from coniferyl alcohol (CA) but not from sinapyl 33 

alcohol (SA) using HRP. 34 

In trees, cell walls are constructed by depositing hemicellulose onto cellulose to 35 

form a polysaccharide matrix, which is then followed by the lignification in the matrix.[7] 36 

QCM-D has also been employed to investigate hemicellulose adsorption on cellulose 37 

model sensor surfaces that mimic cell wall formation.[8–13] Lyu et al.[14, 15] combined the 38 

fabrication of artificial polysaccharide matrices on a sensor surface with the tracking of 39 

dehydrogenative polymerization using QCM-D to investigate the effect of 40 

polysaccharides on lignification. They demonstrated that the presence of partially 41 

acetylated xylan (AcXY) with acetyl groups having an acetyl content similar to that of 42 

native hardwood xylan significantly enhances the formation of DHP from CA by HRP, 43 

in comparison to non-acetylated xylan and other polysaccharides. QCM-D has enabled 44 

the tracking of dehydrogenative polymerization from small amounts of samples (8.1 µmol 45 

of monolignols and 150 µg of HRP for one experiment) and in polysaccharide matrices. 46 

Kishimoto et al.[16] produced DHPs in a buffered solution using endwise 47 

polymerization (Zutropfverfahren, a gradual monolignol addition method) from mixtures 48 

of CA and SA under HRP catalysis, demonstrating that DHPs with incorporated syringyl 49 

units were formed even with the HRP catalyst. This observation implies the possibility of 50 

a radical-mediating action from CA to SA. It should be noted that this experimental 51 
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system required a large quantity of substrates (1.5 mmol of substrates for one experiment) 52 

and an enzyme (2 mg) because of the subsequent need for structure elucidation, i.e., 53 

alkaline nitrobenzene oxidation and thioacidolysis, to obtain the syringyl to guaiacyl 54 

(S/G) ratio of the resulting DHPs. This enzyme loading, i.e., 2 mg per experiment, would 55 

not be a problem for HRP, as it is commercially available in sufficient quantities. 56 

However, HRP has a significant drawback of not being woody origin. As a wood-derived 57 

enzyme, a cationic cell wall-bound peroxidase (CWPO-C) was discovered in poplar 58 

(Populus alba L.) and found to be SA-specific.[17–20] Currently, recombinant CWPO-C, 59 

constructed through heterologous expression in Escherichia coli and subsequent 60 

refolding processes, is used in research.[15, 21, 22] If an enzyme specific for CA is 61 

discovered in hardwoods in the future, conventional dehydrogenative polymerization 62 

studies may face limitations that require a significant quantity of the enzyme for 63 

continuous experiments. Here, the use of QCM-D to overcome these limitations is 64 

reported on. 65 

In this study, DHP formation from monolignol mixtures (CA and SA) was 66 

revisited using QCM-D monitoring to further explore the benefits of QCM-D. Cellulose 67 

nanofibers (CNFs) were anchored onto the QCM-D sensor surface first and HRP was 68 

subsequently adsorbed onto the CNF-coated sensor. Subsequently, the dehydrogenative 69 

copolymerization of CA and SA was attempted. Since QCM-D monitoring cannot 70 

determine the actual monomer composition of the resulting DHPs, DHP formation under 71 

CA-single conditions was conducted to verify the incorporation of SA based on the 72 

differences in adsorption. Similar experiments were performed on the CNF/AcXY matrix 73 

to investigate the effect of AcXY on the copolymerization of CA and SA. 74 
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Experimental 75 

Materials 76 

CA and SA were synthesized according to a previously reported method.[23] AcXY, with 77 

a degree of acetylation of 0.50 was prepared from commercial beech xylan.[15] CNFs as a 78 

2% hydrogel, which was prepared by the mechanical defibration of hardwood kraft pulp, 79 

was supplied by Hokuetsu Corporation (Tokyo, Japan) and used after purification.[14] 80 

HRP (503 units/mg for tetraguaiacol generated from guaiacol) was purchased from 81 

FUJIFILM Wako Pure Chemical Industries (Osaka, Japan) and used as received. 82 

QCM-D measurements 83 

CNF-coated QCM-D sensors were prepared as described previously.[14] Briefly, 5 MHz 84 

AT-cut quartz crystal sensors (QSX 303, Q-sense AB) with a silicon oxide surface were 85 

used. 3-aminopropyltrimethoxysilane (APTS) was first coated onto the sensor surface by 86 

spin-coater Labo-coat (ncx, Tokyo, Japan), followed by the spin-coating of CNFs 87 

suspension. The frequency change (∆f) of the sensor before and after CNF deposition was 88 

measured using QSense Explorer (Biolin Scientific, Västra Frölunda, Sweden). The dried 89 

amount of CNFs deposited on the sensor was calculated using the Sauerbrey equation 90 

(equation (1))[24]: 91 

 ∆𝑚𝑚 = −𝐶𝐶 ∆𝑓𝑓
𝑛𝑛

    (1) 92 

where ∆m (ng/cm2) is the weight change, C is the mass sensitivity constant of the sensor 93 

(17.7 ng/cm2/Hz), and n is the overtone number (n = 5 in this study). The CNF coating 94 

procedure was repeated until ∆m exceeded 4000 ng/cm2 after drying, when the CNFs 95 

theoretically covered the entire surface of the sensor as a monolayer.[14, 25] 96 
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All the QCM-D measurements were performed at 25 °C under a constant flow 97 

rate (50 µL/min) controlled by a peristaltic pump ISM795C (ISMATEC, Glattbrugg-98 

Zürich, Switzerland). The changes in ∆f and dissipation factor (∆D) of the sensor were 99 

monitored during the measurements. The dissipation factor (D) is defined by the 100 

following equation[26]: 101 

 𝐷𝐷 = 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2𝜋𝜋𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

    (2) 102 

where Ediss is the dissipated energy and Estored is the stored energy during one oscillation. 103 

The dried CNF-coated sensor was placed in a measurement cell and conditioned 104 

with Milli-Q water. Next, an aqueous solution of AcXY (1.0 g/L) was introduced into the 105 

cell for 2 h. Milli-Q water was subsequently introduced for 15 min to remove unbound 106 

AcXY. 107 

CNF-coated sensors, with or without AcXY adsorption, were equilibrated with 108 

phosphate-buffered saline (PBS, pH 6.1, 10 mM phosphate containing 0.8% w/v NaCl 109 

and 0.02% w/v KCl). HRP in PBS at a concentration of 0.10 g/L was then introduced for 110 

30 min, followed by rinsing with PBS for 15 min. Each monolignol solution (total 2.70 111 

mM; CA:SA = 0.81 mM:1.89 mM, 1.35:1.35, and 1.89:0.81; their corresponding CA:SA 112 

molar ratios are 3:7, 5:5, and 7:3, respectively) in PBS containing 2.70 mM of H2O2 was 113 

introduced into the cell for 1 h. The sensor surface was then rinsed successively with PBS 114 

for 15 min. As a CA-single system corresponding to the mixed system, 0.81, 1.35, and 115 

1.89 mM of CA solutions with 2.70 mM of H2O2 in PBS were also tested in the same 116 

manner. For references, 2.70 mM of CA solution with or without H2O2 was introduced 117 

into the CNF-coated sensor after HRP adsorption. 118 



 
7 

Atomic force microscope (AFM) imaging 119 

The sensors after the QCM-D measurement were dried under a N2 flow and observed 120 

using SPA-400 AFM (HITACHI High-Tech Science, Kyoto, Japan) and expressed as 121 

shape images. 122 

Results and discussion 123 

Adsorption of HRP on polysaccharides 124 

Prior to the formation of DHP, HRP was immobilized on CNF- or CNF/AcXY-coated 125 

sensors.[15] Following the procedures in our previous report, CNFs were first coated on 126 

the QCM-D sensor (SiO2) with APTS as an anchoring layer. [14] The deposited amount of 127 

the CNFs was calculated based on the ∆f value of the dried CNFs-coated sensor to be 128 

more than 4000 ng/cm2. This value was high enough for the theoretical amount to indicate 129 

complete coverage of the sensor surface. AcXY, with a degree of acetylation of 0.50, was 130 

flowed into a CNF-coated sensor in QCM-D to fabricate a CNF/AcXY-coated sensor.[15] 131 

The adsorption of HRP on the polysaccharides was monitored by flowing an HRP 132 

solution into the measurement cell. The QCM-D profiles are presented in Figure 1. In 133 

Figure 1A, ∆f/n is plotted versus flow time, where a smaller ∆f/n indicates a larger amount 134 

of adsorption onto the sensors. It should be noted that determining the accurate mass of 135 

the adsorbates is difficult only from the ∆f/n plot because the adsorption of solvents can 136 

partly affect the change in ∆f/n value. The ∆D-∆f/n plots are shown in Figure 1B. This 137 

plot reflects the viscoelastic changes with respect to the amount of adsorption (∆f/n) on 138 

the sensor surface.[10, 27] Specifically, a decrease in ∆D with a change in ∆f/n value 139 

indicates the formation of a rigid layer, often a hydrophobic environment on the sensor 140 

surface, whereas an increase suggests the formation of a softer layer, often caused by 141 

hydration.  The amount of HRP adsorbed onto the CNF/AcXY-coated sensor was lower 142 



 
8 

than that adsorbed onto the CNFs alone (Figure 1A), which is consistent with the findings 143 

of a previous study.[15] The ∆D-∆f/n plots indicated that HRP adsorption provided 144 

unchanged or rather rigid surface on the sensors (Figure 1B). Therefore, the effect of 145 

water adsorption is not significant on the mass change and the slightly higher adsorption 146 

on the CNF-coated sensor can be interpreted as due solely to the adsorption of HRP. The 147 

lower adsorption on the CNF/AcXY-coated sensor may be explained by the prevention 148 

of potential hydrogen bonding interactions between CNFs and HRP due to partially 149 

acetylated xylan. 150 

Dehydrogenative copolymerization of CA and SA on CNF matrix 151 

The formation of DHPs from a mixed system of monolignols, i.e., CA and SA, was 152 

investigated using CNF-coated and HRP-adsorbed sensors. Mixed solutions of CA and 153 

SA at molar ratios of 3:7, 5:5, and 7:3 (total concentration of 2.70 mM) were flowed into 154 

the measurement cells along with 2.70 mM H2O2 for a duration of 60 min. These QCM-155 

D profiles are shown in Figure 2A and the maximum absolute ∆f/n values (|∆f/n|) are 156 

shown in Figure 2C. As references, the adsorptions of CA without H2O2 and SA without 157 

H2O2 were tested. Since the SA without H2O2 condition showed a similar ∆f/n profile to 158 

that of CA without H2O2,[15] only the maximum absolute ∆f/n value is displayed in Figure 159 

2C. The ∆f/n value obtained in CA with H2O2 condition are also displayed in Figure 2C 160 

as another reference. As shown in Figure 2A, CA without H2O2 condition exhibited a 161 

sharp drop by 24 Hz in 5 min, indicating the rapid adsorption of a monolignol. By contrast, 162 

the mixed systems with H2O2 exhibited a gradual decrease in ∆f/n, which reached a 163 

plateau at -54 – -81 Hz in approximately 20 min. These distinct behaviors indicate the 164 

formation of DHPs on the sensor in the mixed system. In addition, increased DHP 165 

formation was observed at higher CA ratios in the mixed monolignol solutions, and 166 



 
9 

especially at higher SA ratios, DHP accumulation was less than that under CA with H2O2 167 

condition (Figure 2C). This tendency is consistent with previous results obtained on a 168 

millimolar scale.[16] The DHP formation in the present mixed system was affirmed by 169 

AFM imaging of the resultant sensor surfaces: the particle matter that observed also in a 170 

previous study was seen only under the H2O2-supplemented condition (Figure 3).[6, 15] 171 

The ∆D-∆f/n plots of the mixed systems are shown in Figure 2B. All the results 172 

showed two-phase profiles: steep curves up to approximately ∆f/n = -20 Hz and shallow 173 

curves thereafter. The steep region indicates a significant softening of the surface, likely 174 

caused by the adsorption of hydrated monolignols, because the adsorption of water 175 

molecule can contribute to the softening. In the shallow curve region, the softening of the 176 

surface slowed owing to the development of hydrophobic DHP layers. Interestingly, the 177 

higher the CA ratio, the shallower was the slope, suggesting the formation of a more 178 

elastic surface for the same adsorption amount (∆f/n). These qualitative differences would 179 

be explained by differences in the monomer compositions of the resulting DHPs or by 180 

differences in their structures. 181 

To detect the incorporation of SA into the resultant DHPs, DHP formations were 182 

attempted under CA-single conditions without SA, where only the same concentrations 183 

of CA as those in the mixed system were used, because QCM-D monitoring cannot 184 

directly determine the CA/SA ratio of the DHPs. The maximum absolute ∆f/n values 185 

(|∆f/n|) are shown in Figure 2C along with those of the first experiment (Figure 2A) and 186 

some reference experiments. Under all conditions of the CA-single system, a decrease of 187 

more than 20 Hz in |∆f/n| was observed compared to the corresponding conditions 188 

containing SA (Figure 2C). Since the effect of SA on CA to promote DHP formation, i.e., 189 

radical transfer from SA to CA, is unlikely to occur from their difference in redox 190 



 
10 

potential,[19, 28] it can be concluded that the difference in |∆f/n| is solely due to the 191 

incorporation of SA into the DHPs in the mixed system. 192 

Effects of AcXY on copolymerization of CA and SA 193 

The presence of AcXY has been shown to promote the formation of DHP prepared from 194 

CA alone through HRP catalysis.[15] Therefore, the effects of AcXY on the mixed 195 

monolignol system were examined. 196 

The QCM-D results obtained using the same CA:SA ratios as in the previous 197 

experiments are shown in Figure 4A. A lower ∆f/n was observed when the higher the CA 198 

ratio in the mixed monolignols solutions on CNFs/AcXY, which was similar to that on 199 

CNFs alone. To compare the DHP adsorption amount between on CNFs and on 200 

CNFs/AcXY, the maximum |∆f/n| values are shown in Figure 4C, along with those 201 

obtained on the CNF-coated sensor (Figure 2C). A lower |∆f/n| was observed at a CA:SA 202 

ratio of 3:7 on CNFs/AcXY compared to that on the CNFs alone (45 Hz vs 54 Hz). This 203 

could be attributed to the slightly lower adsorption of HRP on AcXY than on the CNFs 204 

(Figure 1). In contrast, the maximum values of |∆f/n| for the CNF/AcXY-coated sensors 205 

were higher at CA:SA ratios of 5:5 and 7:3 (80 and 85 Hz, respectively) compared to 206 

those of the CNFs alone. Despite the reduced enzyme adsorption on CNFs/AcXY 207 

compared to that on CNFs, the increase in DHP adsorption at these ratios could be 208 

attributed to the aforementioned promotional effect of AcXY. It was reported that the 209 

interactions of hemicelluloses with monolignols were primarily hydrophobic 210 

interactions.[29] Considering that CA is slightly more hydrophobic than SA,[30] CA would 211 

exhibit a higher affinity for AcXY, which is also hydrophobic,[31] and may facilitate the 212 

formation of DHP by the HRP catalyst. 213 
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The ∆D-∆f/n plots of the mixed system on AcXY are shown in Figure 4B. In the 214 

case of higher ratios of CA (CA:SA=5:5 and 7:3), similar profiles were observed, 215 

independent of the amount of SA, which would reflect the result that the promotion effect 216 

of AcXY became pronounced at higher CA ratios. On the other hand, at a lower CA ratio 217 

(CA:SA=3:7), the surface was more rigid than that at the same ∆f/n (e.g., ∆D (10-6) = 11.2 218 

vs 13.6 at ∆f/n = –40 Hz). In the comparison to the CA:SA=3:7 condition on the CNFs 219 

sensor (Figure 2B), the CNFs/AcXY condition resulted in a more rigid surface at the same 220 

∆f/n value (e.g., ∆D (10-6) = 11.2 vs 12.9 at ∆f/n = –40 Hz). Therefore, AcXY could affect 221 

both the quantity (∆f/n) and quality (∆D) of the resultant DHPs in the CA/SA mixed 222 

system. 223 

Conclusions 224 

Conventional studies on dehydrogenative copolymerization from mixed monolignols 225 

have required large amounts of monolignols and enzymes, because the resulting DHPs 226 

was to be subjected to thioacidolysis and alkaline nitrobenzene oxidation to obtain the 227 

S/G ratio. To lower the amounts of samples required for analyses, the QCM-D system 228 

was applied to monitor a similar phenomenon, i.e., the HRP-catalyzed dehydrogenative 229 

copolymerization of CA and SA. The results demonstrated that DHPs were successfully 230 

formed from the mixed monolignols in the QCM-D system, and the incorporation of SA 231 

into the DHP was confirmed by differences in DHP formation between the binary 232 

monolignol system and the corresponding CA-single system. On the AcXY/CNF sensor, 233 

which was prepared to mimic a lignification environment, DHP formation from the mixed 234 

monolignols was promoted compared to that on the CNF sensor, especially at high CA 235 

ratios. Hence, QCM-D monitoring enabled us to revisit the dehydrogenative 236 

copolymerization from a mixed-monolignol system, where the amount of substrate was 237 
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reduced to 1/185 and the amount of enzyme was reduced to 1/13 compared to the 238 

conventional method. Furthermore, this method can be used to easily fabricate a 239 

polysaccharide matrix, even with water-soluble polysaccharides such as pectin and 240 

cyclodextrin.[32, 33] This experimental system will serve as a valuable analytical tool, 241 

particularly when CA-specific peroxidases and/or oxidases are discovered and isolated 242 

from hardwood. 243 
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Figure 3. 372 

 373 

Figure 4. 374 

 375 

Figure 1. ∆f/n profiles as a function of flow time and (B) ∆D vs. ∆f/n plots during HRP 376 

adsorption on CNF- (black) and CNFs/AcXY-coated (red) sensor surfaces. 377 
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Figure 2. (A) ∆f/n profiles as a function of flow time and (B) ∆D vs. ∆f/n plots during the 378 

flow of mixtures of various molar ratios of CA and SA on CNF-coated and HRP-adsorbed 379 

sensors, performed with/without H2O2. (C) Maximum values of |∆f/n| during the flow of 380 

mixtures of CA and SA, and only CA solutions (0.81, 1.35, 1.89 and 2.70 mM, 381 

respectively) on CNF-coated and HRP-adsorbed sensors, performed with/without H2O2. 382 

Molar ratios (total, 2.70 mM) of CA:SA used are 3:7 (green), 5:5 (blue), and 7:3 (red). 383 

 384 

Figure 3. AFM images of QCM-D sensor surfaces. CNF-coated and HRP-adsorbed 385 

sensors after flowing (A) 2.70 mM of CA without H2O2, and (B) 1.89 mM of CA and 386 

0.81 mM of SA with H2O2, where the formed DHP particles are indicated by arrows. 387 

Figure 4. (A) ∆f/n profiles as a function of flow time and (B) ∆D vs. ∆f/n plots during the 388 

flow of mixtures of various molar ratios of CA and SA on CNF/AcXY-coated and HRP-389 

adsorbed sensors, performed with/without H2O2. (C) Maximum values of |∆f/n| during 390 

the flow of mixtures of various molar ratios (total, 2.7 mM) of CA and SA on CNF-coated 391 

(same as Figure 2C) and CNF/AcXY-coated HRP-adsorbed sensors, performed 392 

with/without H2O2. Molar ratios (total, 2.70 mM) of CA:SA used are 3:7 (green), 5:5 393 

(blue), and 7:3 (red). 394 
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