
HAL Id: hal-04791771
https://hal.inrae.fr/hal-04791771v1

Submitted on 19 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Enzymatic Degradation of Biopolymers: A combined
Light Scattering - Fluorescence study

Vincenzo Ruzzi, Carole Antoine Assor, Claire Dumont, Antoine Bouchoux,
Lucas Cipelletti, Laurence Ramos

To cite this version:
Vincenzo Ruzzi, Carole Antoine Assor, Claire Dumont, Antoine Bouchoux, Lucas Cipelletti, et al..
Enzymatic Degradation of Biopolymers: A combined Light Scattering - Fluorescence study. The 20th
SoftComp Annual meeting, May 2024, Lyon, France. �hal-04791771�

https://hal.inrae.fr/hal-04791771v1
https://hal.archives-ouvertes.fr


vincenzo.ruzzi@umontpellier.fr
SoftComp Annual Meeting
22/05/2024

ENZYMATIC DEGRADATION OF BIOPOLYMERS:
A COMBINED LIGHT SCATTERING – FLUORESCENCE STUDY

V. Ruzzi1, C. A. Assor2, C. Dumon3, A. Bouchoux3,  L. Cipelle91,4 and L. Ramos1

1Laboratoire Charles Coulomb (L2C), Université Montpellier, CNRS, Montpellier, France
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Why Enzyma*c Degrada*on (and Gela*on) of (Bio)Polymers?

• How do enzymes move
while reac3ng with their
own substrate / what are 
the diffusive mechanisms 
of par3cles in polymer 
networks?

• Valoriza3on of plant 
biomass

Cai, Panyukov, Rubinstein. Macromolecules, 2011.

Petermann. PhD Thesis, Université de Toulouse, 2023.
Pauly, Keegstra. Curr. Opin. Plant. Biol., 2010.

h"ps://lsinstruments.ch/en/theory/diffusing-
wave-spectroscopy-dws/mean-squared-
displacement-quan;fying-gela;on-
microstructure-and-viscoelas;c-behavior

𝑧 ~ 𝑡!.# ?
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The system under inves*ga*on
Aqueous solu3ons of a model biopolymer and enzymes to induce gela3on and/or degrada3on

Petermann. PhD Thesis, Université de Toulouse, 2023.

Assor-Antoine, Cassan, Carvajal-Millan, Bouchoux, Micard. ACS Appl. Polym. Mater., 2021. 

• The polymer: ARABINOXYLAN (AX)

• The enzymes: LACCASE
(gelation) and XYLANASE 
(degradation)

covalent
crosslinking

xylose backbone cu;ng
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Outline

Polymer dynamics: DYNAMIC LIGHT SCATTERING

Fluorescent enzyme propagaFon in the polymer matrix: FLUORESCENCE

1. Photon Correla?on Imaging - Fluorescence setup;

2. Enzyma?c degrada?on of Arabinoxylan Gels;

3. Conclusions and Perspec?ves;
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MultiSpeckle Light Scattering and Photon Correlation Imaging (PCI)

Intensity Correla.on Func.on

Correla.on
Index

SLOW dynamics with 
SPATIAL resolu3on:

Photon Correla,on Imaging

Duri, Sessoms, Trappe, CipelleD. Phys. Rev. Le"., 102, 085702, 2009. 

𝑐!(𝑡, 𝜏, 𝒓) =
𝐼"(𝑡)𝐼"(𝑡 + 𝜏)

𝒓

𝐼"(𝑡 ) 𝒓
𝐼"(𝑡 + 𝜏)

𝒓

− 1

𝑔$ 𝜏, 𝒓 = 𝑐!(𝑡, 𝜏, 𝒓) + 1 %&

Laser
λ = 532 nm

Thermal Bath

LASER 
SHEET

Sample Cell

CAMERA

~mm

𝑙 ~𝑞!" ≅ 50 nm

Speckle Pa0ern

𝜃 = 90°
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Photon Correla3on Imaging (PCI) and Fluorescence Microscopy

Laser
λ = 532 nm

Thermal Bath

LASER 
SHEET

Sample Cell
Dichroic Mirror

CAMERA 1CAMERA 2

FLUORESCENCE
PATH 

SCATTERING
PATH

~mm

𝑙 ~𝑞!" ≅ 50 nm

Speckle Pa0ern

1 mm

Fluorescence Image

Fluorophore: TRITC
𝜆exc = 532 nm
𝜆em = 580 nm
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Degrada*on of Feruloylated AX c = 10 g/l

AcquisiEon started 5 
minutes aSer 

xylase injecEon

1 mm

SCATTERING FLUORESCENCE 

FLUORESCENT 
XYLANASE 
INJECTION

DuraEon: 13.8 hours

fungal endo Xylanase
NpXyn 11A in 

phosphate-citrate
buffer 50 mM, pH = 5

Degree of Labelling: 2.8
final concentraEon 2.2 μM
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Dynamic Activity Map

Division in Regions of Interest: 300 x 300 μm

0

0.98

𝑐!(𝑡, 𝜏 = 20 𝑚𝑠, 𝑅𝑂𝐼)

z

Evolution of degradation front (I)

𝑐! → 0: FAST DYNAMICS

𝑐! → 1: SLOW DYNAMICS

2 84 6

z (mm)TOP BOTTOM

z0
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Polymer microscopic dynamics

• Increase of the relaxa3on 3me 
during gela3on;

• Decay 3me of the degraded gel 
lower than the ini3al solu3on; 

SOLUTION
GEL
DEGRADED
SOL/GEL

diluted regime: 𝜏 = 𝑐𝑜𝑛𝑠𝑡, 𝑐 ↓

𝜏 = 20 𝑚𝑠
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Evolu*on of degrada*on front (II)

𝑎 = 0.0043 mm	s-b
𝒃 = 𝟎. 𝟕𝟏

t

threshold: 𝑐#∗ ≈ 0.5

𝑧∗ − 𝑧! = 𝑎𝑡>

Superdiffusive
degrada-on front
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Evolu*on of degrada*on front (III): enzyme kine*cs

𝑎 = 0.00034 mm	s-b
𝒃 = 𝟎. 𝟗𝟗

t

Diffusion of the enzyme in water:
68 hours vs 15 hours

threshold: 𝐼∗ ≈ 0.1𝐼%&'

𝑧∗ − 𝑧! = 𝑎𝑡>

Superdiffusive (linear)
enzyme kine-cs
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10 g/l vs 20 g/l gels

10 g/l

𝑧∗ − 𝑧( = 𝑎𝑡) 𝑎 = 0.0043 mm/sb , 10 g/l

𝑎 = 0.0031 mm/sb , 20 g/l

𝒃 = 𝟎. 𝟕

Gel degrada,on

𝑧∗ − 𝑧( = 𝑎𝑡
𝑎 = 3.4 10)* mm/s, 10 g/l

𝑎 = 1.5 10)* mm/s, 20 g/l

Enzyme

Slower degrada-on 
in more concentrated gels

20 g/l
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Conclusions & Perspec*ves

• Simultaneous detec3on of decomposer kine3cs and degrading gel dynamics with a novel
experimental setup;

• Superdiffusive kine3cs of polymer degrada3on and enzyme mo3on:

𝑧∗ = 𝑎𝑡

• Slower degrada3on in the more concentrated gel;

𝑧∗ = 𝑎𝑡) , b = 0.7

• Systematic study in polymer solutions at different concentrations, 
to vary the r/𝜉 size ratio Petermann et al. Biomacromolecules 24.8 

(2023): 3619-3628.
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Thank you for the attention!
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General structure of AX
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LIGHT SCATTERING

𝒈𝟐 𝝉 =
𝑰 𝒕 𝑰 𝒕 + 𝝉

𝑰 𝒕 𝟐

𝑔* 𝜏

𝜏 (3me unit)

When a diffuser is illuminated by a laser,
a “maculated”  pattern forms on the screen 

“after” it:
SPECKLE PATTERN

Colloidal suspensions
Polymer solutions

single speckle

2

1
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Gela*on of Feruloylated AX: c = 10 g/l

Laccase from
Pycnoporus cinnabarinus

in phosphate-citrate
buffer 50 mM, pH = 5 

1 mm

AX: 640 000 g/mol, 
ferulic acid content: 2.32 μg/mg,

arabinose/xylose raEo: 0.58 

DuraVon: 3 hours Assor-Antoine, Cassan, Carvajal-Millan, Bouchoux, Micard. ACS Appl. Polym. Mater., 2021. 
In good agreement with the rheological measurements in

Gelation time ≃ 1 hour
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Homogeneous vs Heterogeneous Gela*on

HOMOGENEOUS HETEROGENEOUS

enzyme
(LACCASE)



1D diffusion in a “confined” geometry: theory  
Crank (1979), Hamada et al. (2020).

𝜕𝑐
𝜕𝑡 = 𝐷

𝜕*𝑐
𝜕𝑥*

𝑡 = 0: 𝑐 = 𝑐(𝜗 𝜉𝑙 − 𝑥

𝑡 > 0:
𝜕𝑐
𝜕𝑥

= 0, 𝑥 = 0, 𝑙

𝝏M𝒄
𝝏M𝒕

=
𝝏𝟐M𝒄
𝝏P𝒙𝟐

M𝒕 = 𝟎: M𝒄 = 𝝑 𝝃 − P𝒙

M𝒕 > 𝟎:
𝝏M𝒄
𝝏P𝒙

= 𝟎, P𝒙 = 𝟎, 𝟏

change of
variables

H𝑥 =
𝑥
𝑙
, ̂𝑐 →

𝑐
𝑐+
, 𝑡̂ →

𝑡
𝜏,

=
𝑡

𝑙$/𝐷

0 l𝛏l

c0

“Unconfined” case*:

𝑐(𝑥, 𝑡) =
𝑐(
2
1 − erf(

𝑥 − 𝜉𝑙
4𝐷𝑡

) =
1
2
erfc(

𝑥 − 𝜉𝑙
4𝐷𝑡

)

Confined case:

𝑐̂ M𝑥, 𝑡̂ = \
,-"

.

2
sin(𝜋𝑚𝜉)
𝜋𝑚

cos(𝜋𝑚M𝑥)𝑒!(0,)' 23 + 𝑐4

𝑡̂ ≪ 1/𝜋$:
concentration profile 

as the unconfined case 𝑡̂ ⋍ 0.4: equilibrium

𝑐- = ̂𝑐(t → ∞)

*Notice that if the initial condition is with
the ‘opposite’ concentration step 𝑐 = 𝑐+𝜗 𝑥 − 𝜉𝑙
the solution would be:

𝑐(𝑥, 𝑡) =
𝑐(
2 1 + erf(

𝑥 − 𝜉𝑙
4𝐷𝑡

)

𝑡 ⋍ 0.4 𝜏, = 0.4 𝑙$/𝐷: equilibrium 68 hours vs 15 hours

𝐷 = 1.64 10UV! m2/s
(enzyme of radius ∼ 2 nm)
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Polymer microscopic dynamics

𝑔* − 1 = exp −2
𝜏
𝜏5

6

Kroy, Klaus, and Erwin Frey.
Physical Review E 55.3 (1997): 3092.

• Increase of  the relaxation 
time during gelation

• Same relaxation time from 
degraded gel and degraded 
solution

𝜷 = 𝟎. 𝟕𝟓𝟐; 𝒒𝝃 ?> 𝟏

𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐞𝐝 𝐫𝐞𝐠𝐢𝐦𝐞: 𝛕 ↑, 𝒄 ↑

𝜷 = 𝟎. 𝟖𝟕𝟔; 𝒒𝑹𝒈 ?> 𝟏
𝐝𝐢𝐥𝐮𝐭𝐞𝐝 𝐫𝐞𝐠𝐢𝐦𝐞: 𝛕 = 𝒄𝒐𝒏𝒔𝒕, 𝒄 ↓

SOLUTION
GEL
DEGRADED
SOL/GEL
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𝑧∗ = 𝑎𝑡> + 𝑐 𝑎 = 0.00434 mm	s-b
𝑏 = 0.708𝑧∗ = 𝑎𝑡> + 𝑐 𝑎 = 0.00034 mm	s-b

𝑏 = 0.99

10 g/l
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20 g/l
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Diffusion simula*ons
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Comparison: c = 10 g/l & c = 20 g/l

Open symbols: 10 g/l
Full symbols: 20 g/l

𝑧∗ = 𝑎𝑡) + 𝑐
Enzyme 𝑧∗ = 𝑎𝑡 + 𝑐

Lin-Lin

𝑎 = 0.00434 mm/sb , 10 g/l

𝑎 = 0.00305 mm/sb , 20 g/l

𝑏 = 0.7
𝑎 = 3.38 10)* mm/s, 10 g/l

𝑎 = 1.45 10)* mm/s, 20 g/l

Gel 
degradation
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• Experimental study of inactive enzyme diffusion in water;

• Systematic study in polymer solutions at different 
concentrations, to vary the r/𝜉 size ratio 
(also with inactive enzymes); 

• SAXS/SANS to unravel the gel structure 
before/during/after degradation;

Petermann et al. Biomacromolecules 24.8 
(2023): 3619-3628.


