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obtain the molecular weight distribution curve10. The rejection ratio was determined as a function of 

the molecular weight and the MWCO could be obtained from this curve. The rejection ratio was 

determined from the following equation:  

R = (1-
CP×V2

Cf×V1
)×100%                                 (1)

 
 

Where, Cf and V1 are the initial concentrations and the volume of the solution on the surface of the 

membrane. Cp and V2 are the solute concentrations in the permeate and the volume of the permeate in 

the container, respectively.  

MWCO was found at R = 90%. R was then plotted against the solute diameter dp on a log-normal 

probability plot and the mean effective pore size μp can be found at R = 50%, and the geometric 

standard deviation σp was calculated from the ratio of dp at R = 84.13% and 50%. The pore size 

distribution can be expressed by the probability density function:  

dR(dp)

ddp
 = 

1

dpInσp√2π
 exp [-

(Indp- Indμp)
2

2(Inσp)2 ]                                                              (2) 

Where dp is the pore size, μp is the mean pore size and σp is the geometric standard deviation.  

Supplementary Discussion: The PEG solutions used herein had the highest concentration of 0.05% 

(w/v), which is well below the overlap concentration (30%) for PEG in the semidilute regime. In the 

semidilute regime and when the radius of the chain is larger than the pore diameter, the molecules are 

expected to enter the pore only if the polymer concentration is sufficiently large. It shows that the 

chains are extracted from the semidilute solution and then contact with a pore by a reptation 

mechanism11, 12. In this context, since the concentration of PEG used in the present work was in a 

dilute regime in which the polymer chains were not entangled, the reptation mechanism may not be 

suitable for explaining our results. Alternatively, Bezrukov has carried out the experiments 

concerning the transport of PEG in a dilute regime13. In this regime, if the polymers are too large to 

be accommodated within the pore, the out-of-the-pore part of the molecule pulls on the trapped part, 

thus acting as an entropic spring. On the one hand, water-soluble polymers with characteristic sizes 

being much smaller than pore diameters, would easily enter into the pores; on the other hand, large 

polymers are excluded from pores because of entropic or steric reasons (e.g. for polymers comprising 

bulky monomers). Similarly, in our system, small PEG chains could easily pass through the PTL 

membrane, and the rejection ratio elevated as the molecular weight (i.e. the chain size) increased. 



 

Supplemen

distribution

membrane 

Supplemen

isotherm an

formed by 

pores and B

from the m

g-1 (100-nm

The data

cm³ g-1) we

semipermea

ntary Figur

ns of 50-nm

(e, f).  

ntary Discu

nd hysteres

an accumu

BET specifi

measurement

m-thick), and

a of BET su

ere higher 

able eggshe

re 9 | Nitro

m-thick mem

ussion: Th

sis loop. Th

lation of th

ic surface a

ts around 0.

d 0.02 cm³ g

urface area 

than those 

ell membran

ogen adsorp

mbrane (a, 

he curves (a

he rapid nit

he multiple 

rea of the m

.05 cm³ g-1

g-1 and 4.7 m

(4.7 m² g-1)

(BET surfa

ne with sele

S11 

ption-desorp

b), 100-nm

a, c, e) ha

trogen uptak

membranes

membranes 

and 14.2 m

m² g-1 (250

) and pore v

ace area 1.3

ective perme

ption isothe

m-thick me

ad the char

ke (P/P0 > 

s. The BJH 

with differe

m² g-1 (50-nm

-nm-thick),

volume of t

3 m² g-1 an

eability14. 

erms and co

embrane (c,

racteristic f

0.9) might 

adsorption 

ent thicknes

m-thick), 0.

respectivel

the 250-nm

nd pore vol

 

orrespondin

, d) and 25

feature of t

t be due to 

n cumulative

ss were furt

04 cm³ g-1 

ly. 

m-thick mem

lume 0.006 

ng pore size

50-nm-thick

the type IV

large voids

e volume o

ther derived

and 10.6 m

mbrane (0.02

cm³ g-1) o

e 

k 

V 

s 

f 

d 

m² 

2 

f 



 

Supplemen

methyl blue

using Mate

ntary Figu

e (MB), rho

rials studio 

re 10 | Th

odamine B 

7.0. The un

e molecula

(RB), meth

nit of the mo

S12 

ar structures

hylene blue

olecular siz

s of methyl

(MeB), and

ze shown in 

l orange (M

d toluidine b

the image i

 

MO), Congo

blue O (TB

is angstrom 

 

o red (CR)

BO) depicted

(Å).  

), 

d 



 

Supplemen

membrane 

membranes

of mixed dy

aqueous sol

Supplemen

acidic (pH 

acidic (pH 

and separa

microscopy

alkaline (pH

still separa

aqueous sol

destroy the 

the water-i

enhanced st

ntary Figu

after treati

s are soaked

yes (MB an

lution. AFM

ntary Meth

1) or alkal

1) or alkali

ation perfor

y (AFM) tha

H 12) aqueo

ated effectiv

lution, with

secondary 

nsoluble β-

tability at th

re 11 | Th

ing with ac

d in acidic a

nd MO) by 

M images of

hods: In th

line (pH 12

ine (pH 12)

rmance of 

at the surfac

ous solution

vely by the

hout detecta

structure of

-sheet-rich 

he pH 1 or 1

e effect of 

cidic (pH 1

and alkaline

the membr

f the membr

his figure, t

2) aqueous

) aqueous s

the membr

ce morpholo

n. For the s

 membrane

ble retardat

f a native pr

amyloid-lik

12. 

S13 

f pH on th

1) (a) and a

e aqueous s

rane after tr

ranes at sam

the stability

solution w

solution for 

ranes were

ogy of the m

separation te

e after treat

tion on the s

rotein (e.g.,

ke protein a

e membra

alkaline (pH

solution for

eating with 

me scales wi

y test of th

was studied.

12 h, and a

e evaluated

membrane b

est, the mix

ting with a

separation p

, β-sheet), a

aggregates

 

ne stability

H 12) aque

12 h, respe

acidic (pH

ith 120 nm. 

e cross-link

 The memb

after that, th

. It turned

barely chan

xed dyes of 

cidic (pH 1

performance

and the abov

(the PTL m

y. AFM im

eous solutio

ectively. (c)

H 1) or alkal

  

ked PTL m

branes wer

he surface m

d out by at

nged in acid

f MO and M

1) or alkali

e. Strong ba

ve results in

membrane) 

mages of the

on (b). The

) Separation

line (pH 12

membrane in

e soaked in

morphology

tomic force

dic (pH 1) or

MB could be

ine (pH 12

asic pH may

ndicated tha

showed an

e 

e 

n 

) 

n 

n 

y 

e 

r 

e 

) 

y 

at 

n 



 

Supplemen

orange (MO

times for th

BSA-FITC 

solutions fo

(at 500 nm)

different ti

adsorption 

mg L-1 MB

(f) The UV

through the

ntary Figur

O), methyle

he test). (b) 

for 12 h, 

or MB (at 6

) respective

ime. (d) Th

equilibrium

B and 250 m

V-vis spectr

e membrane

re 12 | (a) 

ene blue (M

The UV-vis

respectivel

604 nm), M

ely after the

he adsorpti

m for MB, M

mg L-1 meth

ra of the p

e for 6 h (th

The UV-vi

MeB), toluidi

s spectra of 

ly. (c) The 

MO (at 464 n

e solutions (

ion ratios o

MO, MeB, 

hyl orange (

ermeated s

he initial co

S14 

is spectra o

ine blue O 

f the membr

UV-vis ab

nm), MeB (

(5 mL, 5 mg

of dyes or 

TBO or BS

(MO) by the

olution afte

oncentration

f the soluti

(TBO) or B

ranes after a

bsorption (a

(at 664 nm)

g L-1) conta

proteins o

SA-FITC. (

e same mem

er the diffu

n of all dyes

ons of meth

BSA-FITC (

adsorbing M

at determine

), TBO (at 6

acting with 

on the mem

e) Separatio

mbrane for t

usion of MB

s was 250 m

 

hyl blue (M

(250 mg L-1

MB, MO, M

ed wavelen

630 nm) or

the PTL me

mbranes aft

on of mixe

ten consecu

B, MO, M

mg L-1). MO

MB), methy

1, diluted 50

MeB, TBO or

ngth) of the

r BSA-FITC

embrane for

ter reaching

d dyes: 250

utive cycles

eB or TBO

O, TBO and

yl 

0 

r 

e 

C 

r 

g 

0 

s. 

O 

d 



S15 
 

MeB could pass through the membrane, and the membrane effectively rejected MB.  

Supplementary Methods: For the process in panel a and b, three membranes (24×24 mm) simply 

floated on the surfaces of the dye or protein solutions (250 mg L-1) for 12 h, and after that, the 

membranes were taken out from the solution, rinsed by copious water and then subjected to the 

UV-vis measurement.  

For panel c, the PTL membrane supported by a PET nuclear pore membrane was entirely immersed 

in the solutions for a given time (no filtration was applied in this process), and then the UV-vis 

absorption of the solutions at 604 nm (for MB), 464 nm (for MO), 664 nm (for MeB), 630 nm (for 

TBO) or 500 nm (for BSA-FITC) after taking out the immersed membrane was recorded at different 

time. The corresponding absorptions did not change obviously from the beginning to at least 10 h, 

indicating a low adsorption extent of dyes or proteins on the membrane.  

For panel d, three membranes (24×24 mm) were entirely immersed in the dyes or BSA-FITC 

solutions (5 mg L-1) for 12 h, the adsorption ratio (R) of the adsorbed dyes or BSA-FITC on the 

membrane were calculated from the concentration change in their aqueous solution before (C0) and 

after (Ct) adsorption equilibrium, R = (C0-Ct)/C0. 

Supplementary Discussion: The surface state of the amphiphilic proteinaceous PTL material could 

be affected by the aqueous microscopic environment. In such a case, the hydrophilic amino acid 

residues exposed on the PTL material surface supported a surface hydration effect after the PTL 

material was incubated in a biological media or buffer, and it was thus rationalized that such 

hydration potency nearby the surface might suppress the non-specific adsorption of species in the 

solution.  
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mL-1 and 0.01 mL of 1 M HCl. Then the differential UV absorption spectrum was measured. For the 

determination of γ-CD concentrations in the filtrate by using BCG method, 1 mL of γ-CD solution 

was mixed with 0.01 mL of 5 mM BCG (in 20% ethanol solution) and 0.01 mL of 1 M HCl.  

Supplementary Discussion: It was clear that the protein-surrounded channels in the PTL membrane 

distinguished the sizes of cyclodextrins. The addition of either α-CD or β-CD to an acidic solution of 

MO was found to decrease the absorbance at 505 nm (a characteristic peak for MO) 

(Supplementary Fig. S13a, b). The amounts of γ-CD in the samples were determined with the BCG 

method, and the absorbance at 445 nm (a characteristic peak for BCG) increased with increasing the 

concentration of γ-CD (Supplementary Fig. S13c).  
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Supplementary Table 1. Physical properties of the tested molecules as well as the corresponding rejection 

performance of 50-nm-thick PTL membranes.  

Molecular MW 

(g mol-1) 

Concentration 

(g L-1)

Size

(hydrated 

dia. nm)

Type Rejection 

% 

α-CD 972.846 2.0 1.9 Neutral 10.9 ± 1.90

β-CD 1134.98 2.0 2.0 Neutral 40.9 ± 1.50

γ-CD 1297.12 2.0 2.2 Neutral 53.7 ± 1.60

Methyl orange 327.334 0.5 1.2 Anionic 0.80 ± 0.10

Toluidine blue O 305.824 0.5 1.4 Cationic 1.20 ± 0.50

Methylene blue 319.851 0.5 1.2 Cationic 0.80 ± 0.20

Congo red 696.664 0.5 2.3 Anionic 12.1 ± 1.00

Rhodamine B 479.017 0.5 1.8 Cationic 1.40 ± 0.20

Methyl blue 799.795 0.5 3.0 Anionic 99.6 ± 0.10

Cytochrome C 884.893 10 3.0 Anionic 60.5 ± 2.10

Bovine serum albumin 66,463.0 10 7.2 Anionic 98.5 ± 0.10

Lysozyme 14,388.0 10 3.1 Cationic 66.6 ± 1.30

α-Lactalbumin 14,178.0 10 3.1 Anionic 98.1 ± 1.20

Insulin 5,807.69 10 2.4 Anionic 22.6 ± 3.80

Myoglobin 16,700.0 10 3.5 Neutral 90.6 ± 3.10
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