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Abstract 27 

Biodegradable polyesters have the potential to replace non-degradable, 28 

persistent polymers in numerous applications and thereby alleviate plastic 29 

accumulation in the environment. Herein we present an analytical approach to study 30 

enzymatic hydrolysis of polyesters, the key step in their overall biodegradation 31 

process. The approach is based on embedding fluorescein dilaurate (FDL), a 32 

fluorogenic ester substrate, into the polyester matrix and on monitoring the enzymatic 33 

co-hydrolysis of FDL to fluorescein during enzymatic hydrolysis of the polyester. We 34 

validated the approach against established techniques using FDL-containing 35 

poly(butylene adipate) films and Fusarium solani cutinase (FsC). Implemented on a 36 

microplate reader platform, the FDL-based approach enabled sensitive and high-37 

throughput analysis of the enzymatic hydrolysis of eight aliphatic polyesters by two 38 

fungal esterases (FsC and Rhizopus oryzae lipase) at different temperatures. While 39 

hydrolysis rates for both enzymes increased with decreasing differences between the 40 

polyester melting temperatures and the experimental temperatures, this trend was 41 

more pronounced for the lipase than the cutinase. These trends in rates could be 42 

ascribed to a combination of temperature-dependent polyester chain flexibility and 43 

accessibility of the enzyme active site. The work highlights the capability of the FDL-44 

based approach to be utilized in both screening and mechanistic studies of enzymatic 45 

polyester hydrolysis. 46 

 47 

Introduction 48 

The accumulation of persistent plastic material in aquatic and terrestrial systems 49 

has become a major environmental concern.1-3 One strategy to overcome this problem 50 

is to replace non-degradable with biodegradable polymers, particularly when used in 51 
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short-term applications, including packaging and agriculture.4-8 Among the 52 

commercially important biodegradable polymers are polyesters that contain ester 53 

bonds susceptible to hydrolytic cleavage.7-9 Ester bond hydrolysis is considered the 54 

rate-limiting step in overall polyester degradation in natural and engineered 55 

systems9,10 and results in the release of oligomers and monomers that can be utilized 56 

by microorganisms.  57 

Pioneering work showed that extracellular microbial hydrolases are active on 58 

ester bonds in synthetic polyesters.11 A number of analytical approaches have since 59 

been developed to screen for enzymes and organisms capable of hydrolyzing 60 

polyesters and to study enzymatic polyester hydrolysis on a mechanistic level. The 61 

screening approaches include clearing-zone assays,12 liquid turbidimetric assays,13 62 

and assays that monitor the release of soluble hydrolysis products into solution by 63 

total organic carbon (TOC)11 or liquid chromatography-mass spectrometry 64 

measurements.14-16 These approaches enabled the identification of various hydrolases 65 

(e.g. cutinases, lipases, and esterases) that are active on synthetic polyesters, including 66 

poly(lactic acid), poly(caprolactone), poly(butylene succinate), poly(butylene adipate-67 

co-terephthalate), and poly(ethylene terephthalate).12,17-21 An analytical approach 68 

commonly used in mechanistic studies is pH-stat titration in which the number of 69 

hydrolyzed ester bonds are quantified by automated titration of released protons with 70 

base.22,23 Recent work from our group demonstrated that in situ quartz crystal 71 

microbalance with dissipation monitoring (QCM-D) measurements are an additional 72 

analytical tool that allows to directly monitor the mass loss of spin-coated polyester 73 

thin films during enzymatic hydrolysis.24,25 While successfully applied in numerous 74 

studies, the above approaches have in common that they meet one or more of the 75 

following analytical challenges: (i) only a small number of hydrolysis experiments 76 
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can be run in parallel, (ii) the hydrolysis dynamics cannot be monitored in real time, 77 

(iii) samples need to be (manually) withdrawn from hydrolysis experiments for ex situ 78 

analysis, and (iv) specialized and/or expensive laboratory equipment is required.  79 

One promising conceptual approach to overcome these challenges is to follow 80 

polyester hydrolysis by monitoring the co-hydrolysis of ester-based fluorogenic 81 

probes embedded into the polyester. Fluorogenic probes are non-fluorescent and only 82 

become fluorescent upon hydrolysis of the intramolecular ester bond(s) of the probe.26 83 

This approach could be implemented on a fluorescence microplate platform for high 84 

sample throughput, similar to the use of dissolved fluorogenic probes in functional 85 

screening assays to identify organisms and enzymes that hydrolyze ester bonds (i.e. 86 

carboxylic-ester hydrolases, hereafter referred to as esterases).27,28 While dissolved 87 

fluorogenic probes may not reveal the capability of enzymes to depolymerize 88 

insoluble polyesters,29 fluorogenic probes that are embedded in the polyester would be 89 

hydrolyzed only in the presence of esterases that hydrolytically remove the polyester 90 

matrix surrounding the embedded probe. Because of higher sensitivity of fluorescence 91 

than absorbance measurements, an assay based on the conversion of an embedded 92 

fluorogenic probe is expected to have lower detection limits than assays that rely on 93 

embedded chromophoric probes.30 Furthermore, given that chromophoric probes also 94 

absorb light in their polymer-embedded form, the release of such probes cannot be 95 

readily followed in in situ microplate experiments.30 In contrast, embedded 96 

fluorogenic probes are non-fluorescent and thus do not interfere with fluorescence 97 

detection of hydrolyzed probes.  98 

The goal of this work was to develop and validate an enzymatic polyester 99 

hydrolysis approach that is based on monitoring fluorescence originating from the co-100 

hydrolysis of a polyester-embedded fluorogenic probe. We chose fluorescein dilaurate 101 
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(FDL) as probe (Scheme 1) because we expected that the laurate groups effectively 102 

anchor the probe in the polyester matrix and thereby minimize probe leaching from 103 

the polyester. Furthermore, the hydrolysis product fluorescein is highly water-soluble 104 

and readily detectable by fluorescence measurements. In a first step, we compared the 105 

dynamics of fluorescein release from embedded FDL during the enzymatic hydrolysis 106 

of poly(butylene adipate) films to the hydrolysis dynamics of the same films 107 

simultaneously detected using pH-stat titration and QCM-D measurements.  In a 108 

second step, we implemented the method on a microplate platform and studied the 109 

hydrolysis of a series of eight aliphatic polyesters by two esterases from soil fungi, a 110 

cutinase from Fusarium solani (FsC) and a lipase from Rhizopus oryzae (RoL), at 111 

four different temperatures. The set of polyesters was chosen because they are of 112 

commercial importance, cover a range of physicochemical properties, and include 113 

polyesters synthesized from bio-based monomers.31 Furthermore, the enzymatic 114 

hydrolysis of a subset of these polyesters has previously been investigated,22,23 115 

thereby providing a reference for the results obtained with the new FDL-based 116 

approach. 117 

[insert Scheme 1 here] 118 

Scheme 1. a. Enzymatic hydrolysis of the fluorogenic probe fluorescein dilaurate 119 
(FDL) (R = -(CH2)10CH3) into fluorescein (F) with fluorescein monolaurate as an 120 
intermediate hydrolysis product. b. – e. Schematic of the enzymatic hydrolysis of a 121 
polyester film showing the enzymatic co-hydrolysis of polyester-embedded FDL to F, 122 
which is subsequently released into solution and detected by fluorescence 123 
measurements.  124 
 125 
Materials and Methods 126 

Chemicals and Solutions. Fluorescein dilaurate (FDL, product number: 46943), 127 

fluorescein (46955), dioctyl phthalate (D201154), dibutyl adipate (309494), and para-128 

nitrophenol butyrate (N9576) were obtained from Sigma-Aldrich. All chemicals used 129 

were of high purity (at least > 95%) and used as received. A list of all other chemicals 130 
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used are provided in the Supporting Information (SI). All solutions were prepared in 131 

Milli-Q water (resistivity = 18.2 MΩ  cm; Barnstead NANOpure Diamond) and 132 

contained 10 mM KCl as background electrolyte.  133 

Enzymes. Cutinase from Fusarium solani (FsC, molecular weight (Mw): 20.8 134 

kDa, isoelectric point (pI): 8.4, both calculated from the sequence entry 1AGY32 in 135 

the RCSB Protein Data Base (PDB) using the pI/MW compute tool from expasy33) 136 

was obtained from ChiralVision (product number Novozym 51032) as a solution 137 

(nominal concentration, determined by absorbance measurements at 280 nm and a 138 

molar extinction coefficient of 13610 M-1 cm-1:34 4.24 ± 0.16  mM (mean ± standard 139 

deviation of triplicate measurements)). Lipase from Rhizopus oryzae (RoL, Mw: 29.6 140 

kDa, pI: 8.1, PDB entry 1TIC35) was obtained from Sigma Aldrich as a powder 141 

(product number 80612). We prepared enzyme stock solutions of comparable 142 

catalytic activities (see below) in a pH-buffered solution (3 mM phosphate, pH 6.0) at 143 

4.1 mg FsC/mL and 100 mg RoL/mL. The stocks solutions were aliquoted and stored 144 

at -20 °C until use. 145 

We determined the hydrolytic activities of FsC and RoL using the soluble 146 

model substrate para-nitrophenol butyrate.36 Briefly, 20 µL of an enzyme solution 147 

(concentrations of 1.4 µg FsC/mL and 3.3 µg RoL/mL) and a pH 6 buffered solution 148 

(180 µL, 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)) containing para-149 

nitrophenol butyrate (final concentration in the well: 5 mM) were added to wells of a 150 

96-well plate (product number: 269620, Nunc). The formation of the hydrolysis 151 

product para-nitrophenol was subsequently monitored by absorbance measurements 152 

at 405 nm at 30 °C in a temperature-controlled plate reader (Synergy HT, BioTek 153 

GmbH). The absorbance values were converted to para-nitrophenol concentrations 154 
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using a para-nitrophenol calibration curve constructed from standards run on the 155 

same plate.  156 

We additionally determined the hydrolytic activities of FsC and RoL on an 157 

emulsified substrate, dibutyl adipate (DBA), using a pH-stat titration assay adapted 158 

from Marten and co-workers.22 In brief, DBA (0.5 mL) and an emulsifier (9.5 mL, 159 

0.32 g/mL glycerol, 3 mg/mL gum arabicum, 10 mM KCl) were equilibrated in a 160 

thermo-jacketed beaker at pH 6 and 30 °C. After addition of enzyme stock solution 161 

(10 µL), the acid generated by ester hydrolysis was automatically titrated with KOH 162 

(10 mM) to maintain a constant solution pH (Titrando 907, Metrohm). The hydrolytic 163 

activity of the enzyme was calculated from the number of protons titrated within the 164 

first 10 minutes of esterase addition. 165 

Polyesters. Table 1 shows the generalized chemical structure of the polyesters 166 

studied and their key physicochemical properties. The polyesters were kindly 167 

provided by BASF SE. 168 

Table 1. Generalized structural formula and key physicochemical properties of the 169 
studied aliphatic polyesters. Tm, Mn, Mw, and n refer to the melting temperature, the 170 
number average molecular weight, the weight average molecular weight, and the 171 
number of carbon atoms in the diacid component in the polyester, respectively. For 172 
PBC6, these properties were previously published.24 Mn and Mw of PBC18 were not 173 
measurable (n.m.). 174 

[insert Table 1 here] 175 

 176 

pH-stat titration experiments. PBC6 films with approximate thicknesses of 177 

30 µm were produced by casting chloroform solutions containing PBC6 (0.5 % (w/w)) 178 

and FDL (0.0005 % (w/w)) into glass petri dishes, followed by solvent evaporation. 179 

The films were brought in contact with liquid nitrogen for 3 min prior to removal 180 

from the petri dish. Circular polyester film pieces (diameter: 2.25 cm) were punched 181 

out of the cast film using an arch punch. The subsequent pH-stat titration assay was 182 
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adapted from the literature.22 In brief, the film pieces were transferred into a thermo-183 

jacketed beaker (30 °C) containing 15 mL of a KCl solution (10 mM). The solution 184 

pH was set to pH 6 and subsequently kept constant by automated pH-stat titration 185 

using a Titrando 907 (Metrohm) delivering a KOH solution (10 mM). The system was 186 

allowed to equilibrate for one hour prior to the addition of the FsC stock solution (64 187 

µL; final concentration of 17.6 µg FsC/mL). The number of hydrolyzed ester bonds in 188 

PBC6 was directly quantified by the number of hydroxide ions added to maintain a 189 

constant solution pH. Throughout the hydrolysis, 0.5 mL solution aliquots were 190 

withdrawn and analyzed for the released amounts of fluorescein and total organic 191 

carbon (TOC). Solution fluorescence was measured after 10-fold dilution in milli-Q 192 

water on black polypropylene 96-well plates using a fluorescence microplate reader 193 

(SynergyHT, BioTek, excitation at 485±20 nm and emission at 528±20 nm) and 194 

converted to fluorescein concentrations employing a calibration curve constructed 195 

from fluorescein standards (1 to 400 nM) run on the same microplate. For TOC 196 

measurements, sampled aliquots (400 µL) were diluted in Milli-Q water (7.6 mL) and 197 

filtered (0.22 µm pore size syringe filters, PP+GF filter, BGB) into a test tube 198 

(Shimadzu). The signal of the TOC analyzer (TOC-L, Shimadzu) was converted to a 199 

TOC concentration employing a standard calibration curve (0 to 20 mg C/L) prepared 200 

from a TOC standard (Fluka). 201 

QCM-D measurements. We adapted the QCM-D-based approach described in 202 

Zumstein et al.24 In brief, small volumes (40 µL) of a chloroform solution with PBC6 203 

(final concentration: 0.5% w/w) and FDL (0.005% w/w) were transferred onto QCM-204 

D sensors (QSX 301, Q-Sense) fixed horizontally in a spin coater (model: WS-205 

650MZ-23NPP, Laurell Technologies). The sensor was then spun at 4000 rpm for 1 206 

minute (acceleration: 1500 rpm/s).  207 
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The PBC6-coated sensors were pre-equilibrated to the experimental solutions 208 

(i.e., pH 6, 3 mM sodium phosphate, filter sterilized with 0.2 µm cellulose acetate 209 

filters, Target)) for 14 h at 25 °C before being individually mounted into one of four 210 

flow cells of a QCM-D E4 unit (Q-Sense). The QCM-D was used to continuously 211 

monitor changes in the masses and the viscoelastic properties of the PBC6 films 212 

during hydrolysis by detecting the associated shifts in the resonance frequencies, ∆fi 213 

(Hz), and the energy dissipation values, ∆Di, at the fundamental (i= 1) and several 214 

oscillation overtones (odd numbers between i= 3 and 15) of a piezo-quartz crystal 215 

embedded into each sensor. The Sauerbrey equation (Eq. 1) was used to calculate 216 

changes in the mass of the adsorbed film, ∆m (ng/cm2):  217 

Δ� = � ∗ −
��	



	      Eq. 1 218 

where C (17.7 ng/(cm2•Hz)) is the sensor-specific mass sensitivity constant. We 219 

used the fifth overtone (i= 5) for calculations and plotting.  220 

During the entire hydrolysis experiment, the outflow from each QCM-D flow 221 

cell was collected in fractions in which the fluorescein concentration was determined 222 

as detailed above. At the onset of each individual hydrolysis experiment, the PBC6 223 

film was equilibrated to the experimental solution and temperature conditions by 224 

running a degassed, esterase-free solution (3 mM phosphate, pH 6) through the flow 225 

cell over the sensor surface at a constant volumetric flow rate (20 µL/min). Upon 226 

attainment of stable ∆fi and ∆Di readings, an enzyme-containing solution (4.4 µg 227 

FsC/mL) of the same pH and temperature was delivered to the flow cell at the same 228 

flow rate. The ensuing PBC6 hydrolysis was monitored until ∆fi and ∆Di re-attained 229 

stable values. The sensor was then removed from the flow cell, dipped into Milli-Q 230 

water and dried under a stream of N2. We independently determined the mass fraction 231 

of each coated PBC6 thin film that was hydrolytically removed from the sensor by 232 
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resonance frequency measurements of the dried sensor before and after spin coating, 233 

as well as after the hydrolysis experiment. The QCM-D system and sensors were 234 

cleaned in between measurements as detailed in the SI.  235 

Microplate assay. Polyester films were cast onto the bottom of the wells of a 236 

black polypropylene 96 well microplates (655209, Greiner Bio-One) from a 237 

chloroform solution containing 0.5 % (w/w) polyester and 0.0005 % (w/w) FDL. 238 

Coating involved the transfer of 40 µL of the chloroform solution into each well, 239 

followed by shaking the plate on an orbital shaker (160 rpm) in a fume hood for 24 h 240 

to ensure complete chloroform evaporation.  241 

The polyester films were equilibrated to a pH 6-buffered solution (volume: 242 

242.5 µL; 150 mM MES) for one hour during which fluorescence was monitored 243 

every 10 min in a temperature-controlled plate reader (Synergy HT, BioTek or 244 

Infinite 200PRO, Tecan). Before each reading, the plate was shaken for 3 s. Enzyme 245 

stock solution (7.5 µL) was then added and the fluorescence was continuously 246 

recorded every 10 min throughout the polyester hydrolysis. The amount of fluorescein 247 

released from the polyester films was calculated using a fluorescein calibration curve 248 

(concentrations of 0.01 to 3 µM) run on each plate. 249 

 250 

Results and Discussion 251 

Method validation. We compared the fluorescein release dynamics during the 252 

enzymatic hydrolysis of PBC6 films that contained FDL to the hydrolysis dynamics 253 

simultaneously monitored by three established techniques: pH-stat titration, TOC 254 

analysis, and QCM-D measurements.  255 

Comparison to pH-stat titration and TOC release measurements. We used 256 

PBC6 films that contained approximately 0.1% (w/w) FDL. Figure 1a shows the 257 
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cumulative number of hydrolyzed ester bonds and the cumulative amounts of TOC 258 

and fluorescein that were released into solution during the hydrolysis of a 259 

representative PBC6 film by Fusarium solani cutinase (FsC). Prior to cutinase 260 

addition at time < 0 min, the solution pH was stable at pH 6 without base addition. 261 

Consistently, neither TOC nor fluorescein was released into solution. These findings 262 

implied that leaching and non-enzymatic hydrolysis of FDL were negligible. These 263 

two commonly-recognized challenges of fluorogenic ester probes27,37 therefore did 264 

not affect our measurements.  265 

Addition of cutinase at t = 0 min triggered enzymatic hydrolysis of ester bonds 266 

in the PBC6 film and co-hydrolysis of embedded FDL, as evidenced from the onset of 267 

base titration and increasing solution TOC and fluorescein concentrations. The 268 

sigmoidal titration and release curves imply that hydrolysis rates first increased, 269 

reached maxima, and subsequently decreased. While the PBC6 film had visually 270 

disappeared approximately 80 min after cutinase addition, hydrolysis continued up to 271 

about 200 minutes when all curves plateaued. At this time, complete PBC6 hydrolysis 272 

was attained, given that the cumulative number of hydrolyzed ester bonds, determined 273 

from base titration, corresponded well to the calculated number of ester bonds in the 274 

originally added PBC6 film (98 ± 16 % (mean ± deviations of duplicates) of 275 

calculated values). Furthermore, the cumulative amounts of released TOC and 276 

fluorescein corresponded to 89 ± 7 % of the calculated carbon added as PBC6 and 103 277 

± 5 % of the initially embedded FDL.  278 

The good agreement between the curves describing ester hydrolysis and TOC 279 

release implies that the hydrolysis products in solution were mostly monomeric, 280 

consistent with previous reports of complete PBC6 hydrolysis by cutinases and 281 

cutinase-like hydrolases.9,18 The onset of fluorescein-release showed a time delay 282 
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relative to base addition and TOC release. This delay may have resulted from a non-283 

uniform distribution of FDL in the PBC6 film (with higher concentrations in the 284 

center of the film) and would result in a slight underestimation of the initial rate of 285 

polyester hydrolysis. However, the observed delay supports that no FDL had diffused 286 

to the polymer surface where it would undergo more rapid enzymatic hydrolysis. 287 

More importantly, fluorescein was rapidly released when the film started to visually 288 

disintegrate and FDL and PBC6 hydrolysis were completed at the same time.  289 

Control experiments using FDL-free PBC6 films (Figure S1a) showed rates and 290 

extents of ester bond hydrolysis and TOC release that were indistinguishable from 291 

those measured for FDL-containing PBC6 films. The small amounts of FDL in the 292 

PBC6 matrix therefore did not affect enzymatic hydrolysis of the films. 293 

[insert Figure 1 here] 294 

Figure 1. Hydrolysis of poly(butylene adipate) (PBC6) films by Fusarium solani 295 
cutinase (FsC) (added at time t= 0 min) at 30 °C and pH 6. a. Hydrolysis of a solvent-296 
cast PBC6 film containing 0.1% (w/w) fluorescein dilaurate (FDL) as assessed by 297 
automated pH-stat titration in a thermo-jacketed beaker. Cumulative ester bonds 298 
hydrolyzed (black line, left ordinate; quantified from the amount of base titrated) and 299 
cumulative amounts of total organic carbon (TOC, blue open circles, right ordinate) 300 
and fluorescein (green-filled circles; right ordinate) released into solution over time. 301 
b. Hydrolysis of a spin-coated PBC6 thin film containing 1% (w/w) FDL as assessed 302 
by quartz crystal microbalance with dissipation monitoring (QCM-D) measurements 303 
and quantification of fluorescein concentrations in the effluent of the QCM-D flow 304 
cell. Cumulative mass released from the sensor surface (black line; left ordinate) and 305 
cumulative amount of fluorescein released (green-filled circles; right ordinate) over 306 
time.  307 

Comparison to QCM-D measurements. The spin-coated PBC6 films with 308 

approximately 1% (w/w) of embedded FDL had an average mass of 6.5 ± 0.3 µg 309 

(mean ± deviations of duplicates, as determined by QCM-D measurements of the 310 

sensors in air) and thicknesses of approximately 80 nm.24 Control films without FDL 311 

had the same masses (6.490 ± 0.003 µg) and thicknesses, demonstrating that the 312 

presence of FDL did not noticeably affect the spin coating.  313 
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Figure 1b shows the cumulative released mass and the cumulative amount of 314 

released fluorescein during the hydrolysis of a representative PBC6 film by the 315 

cutinase. During equilibration of the PBC6 film at time t < 0 min to an enzyme-free 316 

solution (pH 6, 30 °C), the adsorbed mass was stable and no fluorescein was released, 317 

demonstrating that non-enzymatic PBC6 and FDL hydrolyses were negligible. PBC6 318 

hydrolysis started immediately after switching to the cutinase-containing solution at 319 

time = 0 min, as evidenced from the onset of mass loss and the simultaneous release 320 

of fluorescein into solution. The mass and fluorescence release curves leveled off 321 

approximately two hours after cutinase addition and plateaued at the end of the 322 

experiment. Following sensor removal from the flow cells and drying, measurements 323 

of the resonance frequencies of the sensors showed that the final mass corresponded 324 

to only 7 ± 3 % (mean ± deviations of duplicates) of the initially spin-coated PBC6 325 

mass. Because the final mass included the mass of cutinase molecules adsorbed to the 326 

bare sensor surface that became exposed upon PBC6 film hydrolysis,24 we conclude 327 

that the cutinase removed most, if not all, of the spin-coated PBC6 mass. We note that 328 

the total amount of fluorescein released at the end of the experiment was 130 ± 11% 329 

(mean ± deviations of duplicates) of the calculated embedded amount of FDL, 330 

suggesting that the PBC6 films had a slightly higher FDL mass fraction (1.3%) than in 331 

the chloroform solution used for spin coating (1%). Control experiments showed that 332 

this FDL concentration did not affect PBC6 hydrolysis by the cutinase (Figure S1b). 333 

The overall good agreement between the mass loss and fluorescence release curves 334 

validate the use of the FDL-based approach to monitor polyester hydrolysis. 335 

Implementation on microplate platform. PBC6 films that contained FDL (0.1% 336 

(w/w)) were solvent-cast onto the flat bottom of microplate wells. Figure 2a,b show 337 

the cumulative amounts of fluorescein released during the hydrolysis of these films by 338 
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either Fusarium solani cutinase (FsC) or Rhizopus oryzae lipase (RoL) at 30 °C and 339 

pH 6. The error bars represent the deviations of triplicate experiments, demonstrating 340 

that the analyses were highly reproducible. For clarity of the presentation, we later 341 

show fluorescein release curves from single representative experiments.  342 

Prior to enzyme addition at t < 0 min, no fluorescein was detected in the 343 

microplate wells containing PBC6 films with embedded FDL, again demonstrating 344 

that non-enzymatic hydrolysis of PBC6 and FDL were negligible. The addition of 345 

cutinase or lipase at time = 0 h resulted in polyester hydrolysis, as evidenced from 346 

increasing fluorescein concentrations. Approximately 1.5 h and 3.5 h after addition of 347 

cutinase and lipase, respectively, the cumulative amounts of released fluorescein 348 

reached a plateau at 0.35 nmol. This amount was in good agreement with the 349 

calculated amount of FDL embedded into the PBC6 films, strongly suggesting that 350 

both enzymes extensively hydrolyzed the PBC6 films.  351 

A set of control experiments served to rule out potential measurement artifacts. 352 

First, we measured the fluorescein release from non-embedded FDL (i.e., FDL 353 

solvent-cast into microplate wells from a chloroform solution without PBC6). For both 354 

FsC and RoL, fluorescein release rates were much higher for non-embedded than for 355 

FDL that was embedded in PBC6 films, showing that the hydrolysis of surrounding 356 

PBC6 was controlling the release of fluorescein (Figure S2). Second, polyester films 357 

containing FDL showed no signs of both probe leaching and of non-enzymatic 358 

hydrolysis over an 8-hour incubation in enzyme-free solutions (Figure S3). 359 

Conversely, fluorescein diacetate (FDA), a structurally similar but smaller fluorogenic 360 

probe, both leached out of polyester films and underwent non-enzymatic hydrolysis. 361 

These findings corroborate that the laurate groups in FDL were critical to anchor the 362 

probe in the polyester matrix. These control experiments confirmed that fluorescein 363 
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release dynamics from polyester-embedded FDL truly reflect the dynamics of 364 

enzymatic polyester hydrolysis.  365 

Comparing the fluorescein release dynamics from PBC6 films during hydrolysis 366 

by the two enzymes resulted in two major findings. First, FsC was more active on 367 

PBC6 than RoL: while the enzymes showed comparable initial hydrolysis rates of 368 

PBC6, an approximately 24-fold higher concentration of RoL than FsC was used. The 369 

higher activity of FsC on PBC6 was also more pronounced than on the two non-370 

polymeric substrates para-nitrophenol butyrate and dibutyl adipate (6- and 14-fold 371 

higher, respectively) (Table S1). Second, following comparable initial fluorescein 372 

release rates, the hydrolysis dynamics of the PBC6 films by the two enzymes 373 

markedly diverged (Figures 2a,b): while the use of FsC resulted in a sigmoidal 374 

fluorescein release curve, the rate of RoL-mediated fluorescein release slowed down 375 

when approximately 50 to 60% of the fluorescein was released. The phase of slower 376 

fluorescein release may have reflected that hydrolysis of PBC6 films by RoL 377 

progressed through extensively hydrated film intermediates that slowed down RoL-378 

mediated hydrolysis. The formation of such intermediate states was recently 379 

demonstrated by QCM-D.38 By comparison, FsC-mediated hydrolysis either did not 380 

progress through such water-rich film intermediates (e.g., due to more extensive 381 

lateral than depth erosion on the polyester surface by FsC as compared to RoL) or was 382 

less affected by film hydration. The latter explanation is supported by the fact that 383 

lipases require apolar surfaces to attain full activity (which would be impaired in well 384 

hydrated films) whereas cutinases do not require such surface activation.39  385 

 386 

[insert Figure 2 here] 387 

Figure 2. Enzymatic hydrolysis of aliphatic polyesters PBCn composed of 1,4-388 
butanediol (B) and aliphatic dicarboxylic acid components of variable length (Cn) (as 389 
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detailed in Table 1). All experiments were performed at pH 6 and 30 °C in a 390 
temperature-controlled microplate reader. Error bars represent standard deviations of 391 
triplicate measurements. a. - d. Cumulative amounts of fluorescein released during the 392 
hydrolysis of polyesters (PBCn) containing embedded fluorescein dilaurate by 393 
Fusarium solani cutinase (FsC) and Rhizopus oryzae lipase (RoL). The error bars in 394 
panels a,b,e an f represent standard deviations of triplicate measurements. e. and f. 395 
Fluorescein release rates (estimated from the time required for the release of 0.2 nmol 396 
fluorescein, see dashed lines and formula in panels a and b) from PBCn during 397 
hydrolysis by FsC and by RoL plotted versus the number of carbon atoms in the 398 
diacid component, n, and the melting temperature, Tm, of the polyesters.  399 

Application of microplate platform. We studied the hydrolysis of eight aliphatic 400 

polyesters that all contained 1,4-butanediol but differed in the number of carbon 401 

atoms in the dicarboxylic acid building block (i.e., PBCn; Table 1). Previously, 402 

authors who studied the hydrolysis of a subset of these polyesters reported decreasing 403 

enzymatic hydrolysis rates with increasing melting temperatures, Tm, of the tested 404 

polyesters.22,23,40,41 This trend was ascribed to a decrease in the flexibility of polyester 405 

chains —and hence a decrease in the propensity of ester bonds to enter the active sites 406 

of esterases— with increasing Tm. The results of the previous studies served as a 407 

reference for the results obtained with the FDL-based approach. At the same time, the 408 

capability of the microplate platform for high sample throughput allowed us to extend 409 

the experimental matrix beyond those of previous studies, including a larger set of 410 

polyesters, a comparison of two esterases (FsC and RoL), and four experimental 411 

temperatures from 15 to 40 °C.  412 

Effect of polyester structure on enzymatic hydrolysis. Figures 2c,d show 413 

representative fluorescein release curves during the hydrolysis of the tested aliphatic 414 

polyesters by FsC and RoL at pH 6 and 30 °C. While all polyesters were hydrolyzed 415 

by FsC within ten hours, PBC4 and PBC18 —the polyesters with the shortest and 416 

longest dicarboxylic acid components, respectively— were not hydrolyzed by RoL. 417 

As discussed above for PBC6, the fluorescein release dynamics differed between the 418 

two enzymes for all polyesters with n between 6 and 12: while FsC-mediated 419 
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hydrolysis resulted in sigmoidal fluorescein release curves, RoL-mediated hydrolysis 420 

resulted in bi-phasic fluorescein release curves.  421 

We compared the hydrolysis rates, which we calculated from the time required 422 

until 0.2 nmol of fluorescein were released (see Figures 2a,b for examples), of the 423 

different polyester-enzyme systems. For both enzymes, hydrolysis rates were higher 424 

for PBC6 to PBC10 than for PBC4, PBC12, PBC13, and PBC18 (with no hydrolysis for 425 

RoL on PBC4 and PBC18) (Figures 2e,f; left panels). When re-plotted against Tm 426 

(Figures 2e,f; right panels), the hydrolysis rates decreased with increasing Tm, 427 

consistent with the trend reported previously and the polyester chain flexibility 428 

hypothesis.22,23,40,41 The good agreement of our results with previous studies supports 429 

the use of the FDL-based microplate platform for mechanistic studies of enzymatic 430 

polyester hydrolysis.  431 

The inverse relationship between hydrolysis rate and Tm was more strict for 432 

RoL than for FsC: while rates obtained with RoL continuously decreased with 433 

increasing Tm, this was not the case for FsC-mediated polyester hydrolysis. First, the 434 

hydrolysis rates of PBC10 and PBC12 were significantly higher than those of PBC6 and 435 

PBC13, respectively, despite the higher Tm of PBC10 and PBC12 than of PBC6 and 436 

PBC13, respectively. Second, despite its higher Tm, PBC4 was hydrolyzed faster than 437 

PBC18. The differences in the rates of polyester hydrolysis by RoL and FsC suggests 438 

that enzyme-specific factors controlled hydrolysis in addition to polyester-chain 439 

flexibility, as discussed in more detail below.   440 

Effect of experimental temperature on enzymatic hydrolysis. Curves of 441 

fluorescein release during the hydrolysis of all polyesters at four Texperiment (15, 20, 30, 442 

and 40 °C) by both enzymes are provided in Figure S4. For both enzymes, the rates 443 

of hydrolysis of all polyesters increased with increasing Texperiment with the exception 444 
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of PBC4 and PBC18 by RoL, for which no hydrolysis was detected even at 40 °C 445 

(Figures 3a,b). No detectable PBC4 hydrolysis at 40 °C was in agreement with an 446 

earlier study that reported no lipase-mediated hydrolysis of PBC4 at 50 °C.22 We note 447 

that studies reporting PBC4 hydrolysis by lipases were either conducted at higher 448 

temperatures (e.g., 70 °C) or were performed with non-crystalline PBC4 449 

nanoparticles.42,23  450 

 451 

[insert Figure 3 here] 452 

Figure 3. Fluorescein release rates during the hydrolysis of aliphatic polyesters 453 
(PBCn) containing fluorescein dilaurate (FDL) by Fusarium solani cutinase (FsC; a. 454 
and c.) and Rhizopus oryzae lipase (RoL; b. and d.) at different experimental 455 
temperatures, Texperiment. The rates are plotted against the melting temperature (Tm) of 456 
the polyesters (panels a and b) and against the difference between Tm and Texperiment 457 
(Tm-Texperiment; panels c and d). Error bars represent standard deviations of triplicate 458 
measurements. The data collected at 30 °C is re-plotted from Figures 2. All 459 
experiments were performed at pH 6 in a temperature-controlled microplate reader. 460 

 461 

The rates of polyester hydrolysis at 15, 20 and 40 °C by both enzymes showed 462 

dependencies on the length of the dicarboxylic acid units that were similar to the 463 

dependency described above for 30 °C (Figure S5). More interestingly from a 464 

mechanistic perspective, the hydrolysis rates at all Texperiment decreased with increasing 465 

Tm for both FsC and RoL (Figure 3a,b). This trend became much more distinct when 466 

re-plotting the rates versus the differences between Tm of the polyester and the 467 

experimental temperature, Tm-Texperiment (Figure 3c,d). For RoL, the inverse 468 

relationship was particularly pronounced and revealed a threshold of Tm-Texperiment = 469 

45 °C, above which no hydrolysis by RoL was detected. By comparison, the inverse 470 

relationship between hydrolysis rate and Tm-Texperiment was less pronounced for FsC. 471 

Furthermore, FsC hydrolyzed PBC4 at all four temperatures despite the high 472 

corresponding Tm-Texperiment values.  473 
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Mechanistic interpretation of differences in polyester hydrolysis by FsC and 474 

RoL. The tight inverse relationship between hydrolysis rate and Tm-Texperiment for RoL 475 

is consistent with the polyester chain flexibility hypothesis:22 as Tm-Texperiment 476 

decreases, the chain flexibility and therefore the chance of ester groups in the 477 

polyester to reach the active site of RoL increased. In support of this explanation, we 478 

showed that hydrolysis rates of PBC4 films by RoL increased markedly with 479 

increasing concentrations of the plasticizer dioctyl phthalate (Figure S6). At a 480 

plasticizer concentration of ~10 % (w/w), approximately 15% of the embedded 481 

fluorescein was released during a 10 h incubation. A similar approach was previously 482 

used to enhance enzymatic hydrolysis of poly(ethylene terephthalate).43  483 

As compared to RoL, the less pronounced relationship between hydrolysis rate 484 

and Tm-Texperiment for FsC and the comparatively high hydrolysis rates of PBC4 by FsC 485 

strongly suggests that other factors in addition to polyester chain flexibility affected 486 

FsC-mediated hydrolysis. The comparatively low rates of PBC13 and PBC18 487 

hydrolysis by FsC (Figure 3a) may have resulted from a combination of a low density 488 

of ester bonds on the polyester surface and a low solubility of the long chain 489 

dicarboxylic acids formed during hydrolysis.  490 

A stronger dependence of the hydrolysis rate on the flexibility of polyester 491 

chains for RoL than for FsC can be rationalized by visualizing the active sites of these 492 

enzymes in their three dimensional structures. While the active site of RoL is located 493 

in a relatively deep pocket, the active site of FsC is more exposed on the enzyme 494 

surface (Figure S7). As a consequence, the formation of the enzyme-substrate 495 

complex is expected to require a higher polyester chain flexibility for RoL than FsC. 496 

This explanation is supported by a previous study that ascribed the hydrolytic activity 497 
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of a Themobifida fusca hydrolase on polyesters with high Tm to the surface-exposed 498 

active site of the enzyme.9 499 

The pronounced effect of active site accessibility on polyester hydrolysis rates 500 

identified here likely applies more generally to lipases and cutinases. The active sites 501 

of most lipases are covered by lid-like polypeptide chains. In a process called 502 

‘interfacial activation’, these lids are lifted from the active site upon contact of the 503 

lipases with apolar surfaces, thereby enhancing hydrolytic activities.44,40 Such lid-like 504 

structures are absent in cutinases and, as a consequence, cutinases usually have a 505 

broader substrate spectrum than lipases39,45 and presumably higher activities on 506 

polyesters with high Tm. Indeed, most hydrolases that were shown to be active on 507 

poly(ethylene terephthalate) (Tm > 200 °C) are classified as cutinases.18-20,46 The 508 

effect of active site accessibility on polyester hydrolysis can also be used in enzyme 509 

engineering: enlarging the active site of FsC resulted in increased hydrolytic activity 510 

on PET fibers.47,48  511 

Implications. In this work we developed and validated a sensitive approach to 512 

study enzymatic polyester hydrolysis at high sample throughput. This approach is 513 

based on the co-hydrolysis of a fluorogenic ester probe embedded in the polyester 514 

matrix. We anticipate that this approach will become readily adopted in numerous 515 

laboratories and will facilitate future work on various aspects of enzymatic polyester 516 

hydrolysis. These include (i) screening studies aiming at identifying esterases and/or 517 

microorganisms that are hydrolytically active on specific polyesters (e.g., to be used 518 

in polyester recycling49,50) and, for identified esterases, determining hydrolyzability of 519 

different biodegradable polyesters, including also aliphatic-aromatic co-polyesters, 520 

(ii) mechanistic studies of enzymatic polyester hydrolysis as a function of polyester 521 

chemical structure, enzyme properties, and hydrolysis conditions (e.g., temperature 522 
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and solution pH), and (iii) systematic assessments of the effects of polyester additives 523 

and/or polyester aging (e.g., photochemical alteration) on enzymatic hydrolysis. 524 

Given that enzymatic hydrolysis is the key step in polyester biodegradation in natural 525 

systems, the FDL-based assay will help to assess the potential of biodegradable 526 

polyesters to replace non-degradable polymers, thereby alleviating the problem of 527 

plastic accumulation in the environment.  528 
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Abbreviation
Number of carbon 

atoms in diacid (n)

Tm 

(°C)

Mn

(g/mol)

Mw

(g/mol)

PBC4 4 113.5 22700 112000

PBC6 6 58.7 19800 52100

PBC8 8 57.6 28100 94700

PBC9 9 53.2 25700 102000

PBC10 10 66.4 23700 95400

PBC12 12 75.5 28300 91300

PBC13 13 69.1 25700 78000

PBC18 18 84.9 n.m n.m

OO

O
O

n-2

Generalized structure PBCn: 
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enzymatic 
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polyester
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