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MICROFLUIDIC DEVICE DESIGN AND PREPARATION  

Microfluidic devices were prepared as described in Stanley et al.1 In brief: A polyester film 
photolithography mask (Micro Lithography Services Ltd., UK) and a 100 mm silicon wafer 
(Silicon Materials, Germany), spin-coated with a 10 µm thick layer of SU-8 photoresist 
(MicroChem, USA), were used to create the master mold. The channel architecture was based on 
the fluid exchange device, detailed in Stanley et al.,2 and enables active pumping of solutions into 
the observation chamber (Fig. 1). Two versions of the design were made, one that allows a 
mycelium to occupy the observation chamber and one that does not (Fig. S3). The latter design 
enables control measurements to be performed (i.e., in the absence of a mycelium). 
Polydimethylsiloxane (PDMS) silicone elastomer was then prepared and poured onto the master 
mold. PDMS was prepared using a 10:1 ratio of base to curing agent (Sylgard 184, Dow Corning, 
USA) that was mixed thoroughly and degassed prior to pouring. After curing overnight at 70 °C, 
the PDMS was removed from the mold and diced into slabs. A precision cutter (Syneo, USA), 
having a cutting edge diameter of 1.02 mm, was used to punch the holes for the medium inlet and 
outlet as illustrated in Fig. 1 and Fig. S3. The PDMS slabs were washed in 0.5 M sodium 
hydroxide, 70 % v/v ethanol, and sterile double distilled water (ddH2O) and then dried at 70 °C 
for 1 h. They were then bonded to glass-bottomed Petri dishes (World Precision Instruments) and 
sterilized for 20 minutes under ultraviolet light. 
Fluorinated ethylene polymer (FEP) tubing (inner diameter: 0.80 mm, outer diameter: 1.60 mm; 
Cole-Parmer, Germany), hollow steel pin connectors (20 ga; Instech Laboratories, USA) and 
connector pins fitted with a luer-lock adaptor (20 ga; Instech Laboratories, USA) were used to 
connect the syringe to the microfluidic device and subsequently allow a variety of test solutions to 
be introduced into the observation channel (in the presence or absence of a mycelium). Fig. 1 
shows an overview of the microfluidic setup for clarity.

MICROFLUIDIC DEVICE:  CHARACTERIZATION OF FLOW CONDITIONS 

The microfluidic device (channel height:  10 µm; channel width: 1000 µm; channel length: 6 mm) 
operates at laminar flow conditions (i.e. is a laminar flow reactor) with a Reynold’s number ( ) 𝑅𝑒
equal to ca. 0.003 (eq. S1). 

(S1)𝑅𝑒 =
𝑄𝐷𝐻

𝑣𝐴 =  
1.4 × 10 ―12 𝑚3/𝑠 × 2 × 10 ―5𝑚

1 × 10 ―6𝑚2/𝑠 × 1 × 10 ―8𝑚2 =
2.8 × 10 ―17𝑚4/𝑠
1.0 × 10 ―14𝑚4/𝑠 = 0.003

where:
Q = volumetric flow rate (m3/s); i.e.: Q = 5 µL h-1 = 5 × 10-6 L h-1  = 1.4 × 10-12 (m3 s-1)

DH = hydraulic diameter (m), 𝐷𝐻 =
4 ×  𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎

𝑤𝑒𝑡𝑡𝑒𝑑 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 =  
4 × 10000 

2020
𝜇𝑚2

𝜇𝑚 = 20 𝜇𝑚 = 2 × 10 ―5𝑚

V = kinematic viscosity (m2/s); i.e. 1.0 × 10-6 m2/s (for water)
A = cross sectional area (m2); i.e. 10,000 µm2 = 1.0 × 10-8 m2
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A syringe pump ensured that the volumetric flow rate in the microchannels is controlled by 
adjusting the pressure needed to produce the required flow rate independent of channel geometry.3 
As the microchannels within this microfluidic device have a rectangular profile (with a high width: 
height ratio, i.e. 1000/10 = 100), the velocity distribution profile across the microchannel is highly 
uniform.4

Hence, taking the average velocity of the system to be 1.4 × 10-4 m s-1 (average velocity = 
volumetric flow rate / cross section area), we estimate that it would take ca. 43 seconds for the 
fluid to reach the outflow (i.e. to traverse the entire observation chamber) assuming a channel 
length of 6 × 10-3 m. 

CALCULATION OF THE XDLVO INTERACTION ENERGIES OF PHAGE DEPOSITION

The phage-mycelia interaction energy (GXDLVO (h)) at a distance h (nm) between two surfaces was 
calculated using the extended DLVO (XDLVO) theory (cf. eq. S2) based on the sphere-plate 
model.5 The XDLVO theory thereby is an extension of the DLVO approach, which is the sum of 

,  and the Born repulsion energy . In the XDLVO theory, the energy GXDLVO (h) is 𝐺EDL 𝐺LW 𝐺Born

composed of the electrostatic repulsion (GEDL), the Lifshitz-van der Waals (GLW)6 and the 
acid−base (GAB) interaction energy (eq. S2).5 

          (S2)𝐺XDLVO(ℎ) = 𝐺AB + 𝐺EDL(ℎ) + 𝐺LW(ℎ)

The DLVO approach does not consider the polar forces that are supposed to be dominant forces 
between particles in polar media.7 Additionally, the acid-base ( ) interaction energy was 𝐺AB

reported in many studies to be essential in explaining the interaction behavior between approached 
particles.5,8

Acid-base interaction energy ( )  𝑮𝐀𝐁

Eq. S3 was applied to calculate the acid-base interaction energy ( ):9,5𝐺AB

           (S3)𝐺𝐴𝐵(ℎ) = 2𝜋𝑎𝑃∆𝐺𝐴𝐵𝜆exp(𝑙0 ― ℎ
𝜆 ) 

Where aP is the radius of phages, and h is the separation distance between the phage and the 
mycelial surface. The λ is the characteristic decay length of AB interaction in water (estimated to 
be 0.6 nm).10 The acid-base interaction energy depends on the Gibbs free energy of the phage and 
the fungus as given by eq. S3. GAB is the acid-base component of the free energy interaction at ∆
contact given by eq. S4:10,7

∆𝐺𝐴𝐵 = [2( 𝛾 +
𝑃 ― 𝛾 +

𝐹 )( 𝛾 ―
𝑃 ― 𝛾 ―

𝐹  ) ― ( 𝛾 +
𝑃 ― 𝛾 +

Ɩ )( 𝛾 ―
𝑃 ― 𝛾 ―

Ɩ  ) ― ( 𝛾 +
𝐹 ― 𝛾 +

Ɩ )
 (S4)( 𝛾 ―

𝐹 ― 𝛾 ―
Ɩ  )]
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The surface Gibbs free energy of phage  and the fungal  surfaces (mJ m-2) were calculated 𝛾𝑃 𝛾𝐹

based on the measured contact angles (θ) of phages, membrane filters and fungal surfaces using 
water, formamide and methylene iodide as liquids by applying the Young equation according to 
eq. S5:

 (S5)𝑐𝑜𝑠( 𝜃) =  ― 1 + 2
𝛾𝐿𝑊

𝑃 𝛾𝐿𝑊
Ɩ

𝛾𝑡𝑜𝑡𝑎𝑙
Ɩ

+2
𝛾 +

𝑃 𝛾 ―
Ɩ

𝛾𝑡𝑜𝑡𝑎𝑙
Ɩ

+2
𝛾 ―

𝑃 𝛾 +
Ɩ

𝛾𝑡𝑜𝑡𝑎𝑙
Ɩ

The total surface Gibbs free energy (γtotal) is separated in a Lifshitz-van der Waals (γLW) and an 
acid-base component (γAB) and is represented by eq. S6. The electron acceptor and the electron 
donor components of acid-base surface energy γ+ and γ- is shown in eq. S7. 

(S6)𝛾𝑡𝑜𝑡𝑎𝑙 = 𝛾𝐴𝐵 + 𝛾𝐿𝑊

(S7)𝛾𝐴𝐵
𝑖 = 2 𝛾 +

𝑖 𝛾 ―
𝑖

Following van Oss et al.11 we calculated the phage parameters γp, γp
LW, γp

+, γp
–, while literature 

data was utilized for water, formamide and methyleneiodide.12 

Electrostatic repulsion energy ( )𝑮𝑬𝑫𝑳

Eq. S8 was applied to calculate the electrostatic repulsion energy between phages and the fungal 
surface:13

(S8)𝐺𝐸𝐷𝐿 =  𝜋𝜀0𝜀𝑟𝑎𝑝{2𝜁𝑝𝜁𝐹ln [1 + exp ( ―кℎ)
1 ― exp ( ―кℎ)] +(𝜁2

𝑝 + 𝜁2
𝐹)ln [1 ― exp ( ―2кℎ)]

where κ-1 is the thickness of the electrical double layer (EDL, nm) as calculated by the Guoy-
Chapman theory with C and z being the molar bulk concentration and the charge number of the 
electrolytes, respectively (eq. S9). 

(S9)к ―1 = [3.29𝑧𝐶1/2] ―1

For a 100 mM buffer solution a κ-1 of 0.65 nm was calculated.12

Lifshitz-van der Waals interaction energy ( )𝑮𝑳𝑾

 Using the values of the effective Hamaker constant (eq. S11), the Lifshitz-van der Waals 
interaction energy can be approximated by eq. S10:7,12

      (S10)𝐺𝐿𝑊 = ―
𝐴132

6 [2𝑎𝑝(ℎ + 𝑎𝑝)
ℎ(ℎ + 𝑎𝑝) ― ln (ℎ + 2𝑎𝑝

ℎ )]
The Hamaker constant A132 is described by eq. S11:14

        (S11)𝐴123 =  ( 𝐴11 ―  𝐴33)( 𝐴22 ―  𝐴33)
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Here, Aii denotes the individual Hamaker constant for phages (A11), hyphae (A22,) and water (A33). 
A33 was taken from the literature,14 while A11 and A22 were calculated by eq. S12. 

(S12)2
06 LW

ii iA l 

According to Fowkes,15 the value of 6πl0
2 equals 1.44×10-18 m2, with l0 being the equilibrium 

separation distance between the phage and the fungus (0.157 nm).11
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Table S1. Overview of the surface Gibbs free energy (γ) and the contact angles of water (θw), 
formamide (θf) and methylene iodide (θm) for the phages and hyphae studied.

Name Contact angle (Θ) Surface free energy (mJ m-2)1

 Θw Θf Θm ϒ- ϒ+ ϒAB ϒLW ϒTot

water - - - 25.5* 25.50* 51.0* 21.8* 72.8*
formamide - - - 39.6* 2.30* 19.0* 39.0* 58.0*
methylene iodide - - - < 0.1* < 0.1* ≈ 0* 50.8* 50.8*
membrane filter Anodisc 25 23 - - - - - - -
T4 95 61 40 0.1 0.30 0.2 39.5 39.7
PSA-HS2 40 31 43 34.6 0.96 11.5 38.0 49.5
Pythium ultimum 62 47 72 17.3 4.49 17.6 21.8 39.4
Coprinopsis cinerea 131 106 131 0.0 4.47 0.2 1.5 1.7

* Surface free energy data for water, formamide and methylene iodide taken from.12
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Table S2. Composition of the YMG and CCMM media use for C. cinerea.1

Medium Composition

Yeast-malt extract-glucose (YMG) medium 0.4 % w/v yeast extract, 1 % w/v malt extract, 0.4 % 
w/v glucose, 1.5 % w/v agar

C. cinerea minimal medium (CCMM) 5 g L-1  glucose, 2 g L-1 asparagine, 50 mg L-1 adenine 
sulfate, 1 g L-1 KH2PO4 , 2.25 g L-1 Na2HPO4, 0.29 g L-1 
Na2SO4, 0.5 g L-1 2di-ammonium tartrate, 0.04 mg L-1 
thiamine hydrochloride, 0.25 g L-1 MgSO4 ,
5 mg L-1 p-aminobenzoic acid (pABA). 
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Figure S1. Stability and viability of the PSA-HS2 and T4 phage suspensions after exposure to P. 
ultimum and C. cinerea conditioned media (at t = 0, 4 and 22 h). The results represent the average and 
standard deviations of triplicate experiments using phage quantification by PFU. T4 counts in the 
presence of C. cinerea conditioned medium at t = 22 h were statistically different to initial 
concentrations at t = 0 and t = 4 h, as indicated by the asterisk (p ≤ 0.05).
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Figure S2. Stability and viability of the PSA-HS2 and T4 phage suspensions after exposure to fresh 
media i.e. LB and CCMM media for P. ultimum and C. cinerea, respectively at t = 0, 4 and 22 h. The 
results represent the average and standard deviations of triplicate experiments using phage 
quantification by PFU. T4 counts in the presence of C. cinerea conditioned medium at t = 22 h were 
statistically different to initial concentrations at t = 0 and t = 4 h, as indicated by the asterisk (p ≤ 0.05).
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Figure S3. Design and operation of the experimental setup. (A) Two-dimensional representation of 
the microfluidic platform with a mycelial inoculum that was placed next to the lateral opening of the 
microfluidic device, allowing hyphae to penetrate and grow into the observation channel via a 
constriction channel. (B) Two-dimensional representation of the microfluidic platform that enables 
control measurements to be performed (i.e. in the absence of a mycelium). (C) Photograph illustrating 
the experimental setup, where a syringe pump was used to drive phage suspensions into the 
microfluidic channels in the presence and absence of mycelia. 
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