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a b s t r a c t 

We report on fast pressure-driven nanofiltration of strong GO membranes intercalated by protein amyloid 

fibrils. We investigate the effect of protein amyloid fibril loading on membrane properties including the 

membrane stability, microstructure, reflux rate, permeance, rejection rate and fouling resistance. With 

increasing amyloid fibrils, the membrane becomes smooth and resilient and can be reused for many 

times with little disintegration. Microstructure analysis shows that amyloid fibrils enable expansion of 

the interlayer spacing between GO sheets, leading to around 100% increase in average water perme- 

ance of the 100 nm thick membrane (15.6 L �m 

−2 �hr −1 �bar −1 ) compared to the neat GO membrane (8.8 

L �m 

−2 �hr −1 �bar −1 ). The hybrid membranes display improved moderate ion rejection (44–51%) of heavy 

metal salts and high molecular rejection ( > 97%) of organic dyes. Antifouling performance is evaluated in 

terms of flux recovery ratio and fouling ratios. The incorporation of amyloid fibrils enable GO membranes 

to change from irreversible fouling to reversible fouling and the hybrid membrane exhibits significantly 

enhanced flux recovery ( > 95%). A possible nanofiltration mechanism is proposed to explain the observa- 

tions. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Graphene oxide (GO) based nanofiltration membranes have 

emonstrated great potential for separation of molecules and ions 

n water treatment because of their well-defined nanochannels, 

urface functionalities and ease of synthesis and scale-up [1–3] . 

O nanosheets are decorated with oxygen-containing functional 

roups including hydroxyl, epoxy, carboxyl and carbonyl groups on 

he basal planes and sheet edges. Typically, GO based nanofiltra- 

ion membranes are composed of densely-packed GO nanosheets 

ith an amphiphilic character, and the interlayer spacing between 

O nanosheets acts as a 2D nanochannel for water permeation. 

olecular separation in GO membranes is based on a combina- 

ion of many factors including molecular sieving, adsorption and 

lectrostatic interactions throughout nanochannels and functional 

roups [4–6] . Theoretical calculations [6–9] and experimental stud- 

es [10–12] have demonstrated that few-layer GO membranes have 

ighly selective and permeable separations. However, GO mem- 
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ranes are in general unstable in aqueous media and easily disin- 

egrate [13] . In addition, the water permeation of thick GO mem- 

ranes is very low due to the small interlayer spacing and high 

ortuosity between GO sheets [14] . 

To date, one of the most effective ways to improve the stabil- 

ty and permeation of GO membranes is intercalating functional 

anomaterials into GO nanosheets via physical mixing [15–19] . The 

ncorporation of foreign nanomaterials not only expands the inter- 

ayer spacing between GO nanosheets for improved water perme- 

tion, but also generates strong interfacial interactions between the 

oreign particles and GO sheets for improved stability of the mem- 

ranes. Various foreign nanomaterials, in particular 1D nanoma- 

erials such as carbon nanotubes (CNTs) [20] , polymer nanofibers 

21] , nanocellulose [22] , and inorganic nanowires [15] have been 

tudied in the fabrication of GO based hybrid membranes con- 

aining intercalated 1D and 2D nanostructures. Gao et al. reported 

NT intercalated GO membranes with high water flux [20] . Acid 

reated CNTs served as a nanowedge to expand the interlayer spac- 

ng between GO sheets. As a result, the ion rejection of hybrid 

embranes decreased while the dye rejection rate remained as 

igh as the neat GO membrane. Recently, Hung et al. reported 

ybrid membranes composed of silk nanofibers and GO [21] . Silk 
under the CC BY-NC-ND license 
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anofibers were assembled on the GO surfaces to increase the 

anochannel size for accelerating water permeation. Hybrid mem- 

ranes with the optimized ratio of silk nanofibers and GO dis- 

layed excellent stability, fast flux and more than 95% rejection of 

alts and dyes. 

Amyloids are 1D fibrillar assemblies of proteins that are mis- 

olded, often during the unfolding-refolding transition [23–25] . At 

he molecular scale, amyloids are characterized by a cross-beta 

uaternary structure in which parallel chains of beta-strands are 

riented normal to the fibril axis. Amyloids have diameters of 5–

5 nm and lengths of several micrometers, and they are emerging 

uilding blocks for artificial functional biomaterials [25–27] . In par- 

icular, amyloids possess excellent mechanical properties compara- 

le with spider silk [28–31] , and they may display a wide range of 

mino acids, which can serve as specific ion-binding sites [32–34] . 

hese unique properties allow 1D amyloids to couple interactions 

ith the oxygenated functional groups on 2D GO sheets, resulting 

n robust hybrid materials with mixed 1D and 2D nanostructures 

 32 , 35 , 36 ]. Recently, amyloid fibrils have been studied for effective

emoval of heavy metal ions and radioactive waste in water [37] . 

ypically, amyloid fibrils were incorporated into activated carbon 

ielding mechanically strong hybrid membranes. With optimiza- 

ion of the amyloid loading, the hybrid membranes efficiently ab- 

orbed pollutants and the removal efficiency was > 99%. The mem- 

rane was sufficiently strong to reuse in filtering ten consecutive 

ycles without significant degradation of filtration. However, to the 

est of our knowledge, there has been no report on amyloid inter- 

alated GO membranes for applications in water treatment. 

In this work, we report on amyloid-intercalated GO membranes 

ith varying GO/amyloid ratio for water purification. We find that 

he incorporation of amyloid fibrils reduces the surface roughness, 

ncreases the interlayer spacing and enhances the stability of GO 

embranes. Water permeance of hybrid membranes is double that 

f the neat GO membrane. The rejection of heavy metal ions (Cu 

2 + 

nd Co 2 + ) increases with amyloid fibril content while the rejection 

f organic dyes remains above 97%. Bovine serum albumin is em- 

loyed to evaluate fouling resistance of the membrane and > 95% 

ux recovery of the hybrid membrane is discovered. 

. Experimental section 

.1. Materials 

Graphite flakes, concentrated sulfuric acid (H 2 SO 4 ), concen- 

rated nitric acid (HNO 3 ), potassium persulfate (K 2 S 2 O 8 ), phos- 

horous pentoxide (P 2 O 5 ), potassium permanganate (KMnO 4 ), hy- 

rochloric acid (HCl), and hydrogen peroxide (H 2 O 2 ), and β- 

actoglobulin ( βLG) from bovine milk were purchased from Sigma- 

ldrich and used as received. 

.2. Preparation of graphene oxide 

Graphene oxide was synthesized via the modified Hummers’ 

ethod [ 38 , 39 ]. Typically, 5.0 g of graphite flakes was mixed with

00 mL of a mixture of 98% H 2 SO 4 and 70% HNO 3 at a 3:1 vol ra-

io under stirring at room temperature for 24 hrs. The acid-treated 

raphite flakes were then rinsed with deionized (DI) water until 

he rinse pH = 4. The dried solid was heat treated in a furnace at 

0 0 0 °C for 10 s to obtain expanded graphene (EG). Next, 5.0 g of

G flakes and 300 mL of 98% H 2 SO 4 were mixed in an ice bath,

ollowed by the addition of 4.2 g of K 2 S 2 O 8 and 6.2 g of P 2 O 5 .

he system was then transferred into an oil bath and the mixture 

as heated to 80 °C under stirring for 5 h. The pre-oxidized EG 

akes were rinsed with water until the rinse pH = 4. Next, 5.0 g 

f pre-oxidized EG and 200 mL of 98% H 2 SO 4 were suspended in 
2 
n ice bath and 15 g of KMnO 4 was then slowly added to the mix- 

ure. Subsequently, the system was transferred to an oil bath and 

he mixture was heated to 40 °C under stirring for 2.5 h. The re- 

ction was terminated with addition of 700 mL of DI water and 

0 mL of 30% H 2 O 2 . The resulting suspension was centrifuged with 

.0 M HCl to obtain a yellow paste-like product. The product was 

e-dispersed in DI water, followed by centrifugation. This process 

as repeated until the rinse pH = 4. The resulting graphene oxide 

n water formed a gel-like dispersion. 

.3. Preparation of amyloid fibrils 

The β-lactoglobulin ( βLG) amyloid fibrils were prepared via the 

dapted literature procedure. 36 Typically, 2.0 wt% of βLG solution 

n dilute HCl (pH = 2) was heated at 90 °C under stirring for 

00 min to grow amyloid fibrils . The amyloid formation was ter- 

inated by quenching the solution into an ice bath. Thioflavin T 

ThT) fluorescent assay was conducted to confirm the formation of 

myloid fibrils. ThT intensity of the amyloid solution was measured 

sing JASCO FP-6500 spectrofluorometer with an excitation filter of 

430 nm and 480 nm emission filter. An increased intensity in the 

myloid solution was observed (SI-Fig. 1). 

.4. Preparation of GO- βLG amyloid hybrid membranes 

Stock solutions of GO - βLG hybrids were prepared at room tem- 

erature from physical mixing of 0.025 wt% GO dispersion and 

.025 wt% βLG amyloid solution at pH = 2 with varying GO: βLG 

atios. The stock solutions were kept at 4 °C before membrane fab- 

ication. Typically, the mixture was filtered through a poly(ether 

ulfone) substrate (PES, 47 mm, 0.03 μm, Sterlitech) under pressur- 

zed conditions at 4 bar using a dead-end pressure-stirred cell (HP 

750, Sterlitech). The resultant membrane was dried in the desic- 

ator over night before characterization and testing. In this work, 

he average thickness of the membrane was about 100 nm and the 

ffective surface area of the membrane was 1.73 × 10 −3 m 

2 . 

.5. Membrane characterization 

Fourier transform infrared spectroscopy (FT-IR) spectra of GO- 

LG amyloid hybrids at different amyloid fibril loadings were col- 

ected using Nicolet iS20 FT-IR spectrometer in attenuated total 

eflection mode (ATR) at a resolution of 4 cm 

−1 of 32 scans. X- 

ay diffraction (XRD) patterns were acquired in a reflection mode 

ith 1.54 Å CuK α using Siemens D50 0 0 diffractometer and the 

 -spacing was calculated using the Bragg equation. Atomic force 

icroscopic (AFM) images of the membrane morphology were ob- 

ained on an Asylum Research Molecular Force Probe 3D (MFP-3D) 

icroscope. Silicon cantilevers with force constants of 12–70 Nm 

−1 

ere used. The height retrace, amplitude retrace and phase re- 

race images were acquired and analyzed using Gwyddion Scan- 

ing Probe Microscopy (SPM) open-source software. 

.6. Nanofiltration performance 

Nanofiltration performance in terms of the flux rate, rejection 

ate and fouling ratio was tested using a dead-end pressure stirred 

ell (HP 4750, Sterlitech) under nitrogen pressure. Before each test, 

he membrane was cleaned by fluxing Milli-Q water for 30 min. 

he filtration performance of the membrane was conducted by fil- 

ering 10 mL of the initial feed. The flux rate was calculated using 

quation [40] 

 lux rate ( J ) = 

V 

t × A 

(1) 
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Scheme 1. (a) Schematic illustration of the fabrication of amyloid-intercalated GO membranes. The mixture of GO sheets and βLG amyloid fibrils were dispersed in nanopure 

water and deposited onto a PES support membrane using pressurized filtration. (b) Schematic illustration of GO- βLG hybrid membranes and photographs of GO membrane 

(b1) and GO- βLG hybrid membrane (b2). 
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V is the volume of solution filtered, t is the filtration time, and 

 is the effective area of the membrane. The rejection rate was cal- 

ulated from the concentration difference between the pre-filtered 

nd post-filtered solutions under 4.0 bar using equation [40] 

e jection rate ( % ) = 

(
c 0 − c f 

c 0 

)
× 100 % (2) 

c o represents the initial concentration of the solution before fil- 

ration, while c f is the concentration of the solution after filtra- 

ion. For salt tests, three salts including copper(II) chloride (CuCl 2 ), 

obalt(II) nitrate (Co(NO 3 ) 2 ) and sodium sulfate (Na 2 SO 4 ), at a con- 

entration of 1.0 mM were used and the electrical conductivity 

as measured using a conductivity meter (ECTestr 11 + , Oakton) 

o determine the concentration. For dye tests, four organic dyes 

ncluding Alcian blue (AB), methylene blue (MB), congo red (CR), 

nd methyl orange (MO) with concentrations corresponding to ab- 

orbance of 1.0 at the wavelength of maximal absorbance was 

sed. The chemical structure of each dye is shown in SI-Fig. 2. The 

bsorbance maximum of each dye was measured before and after 

ltration using Cary-Win UV–vis spectrophotometer to determine 

he concentration. 

To assess antifouling properties of the membrane, 20 mL of 

ovine serum albumin (BSA) at a concentration of 2 mg/mL was 

ltered through the membrane. Three periods of water flux were 

ecorded and each period ran 40 min. First, the pure water flux ( J 0 )

f the membrane was measured, followed by the measurement of 

he foulant solution flux ( J 1 ) by filtering BSA solution through the 

embrane. After complete filtration, the membrane was washed 

ufficiently by Milli-Q water and then the pure water flux ( J 2 ) 

as collected again. The antifouling performance was evaluated in 

erms of the flux recovery ratio ( FRR ), total fouling ratio ( R t ), re-

ersible fouling ratio ( R r ) and irreversible fouling ratio ( R ir ) using 

quations [20] 

 RR = 

J 2 
J 0 

× 100% (3) 

 t = 

J 0 − J 1 
J 0 

× 100% (4) 

 r = 

J 2 − J 1 
J 0 

× 100% (5) 

 ir = 

J 0 − J 2 
J 0 

× 100% (6) 

. Results and discussion 

We fabricated amyloid-intercalated GO membranes from the 

table dispersions of hybrid materials composed of GO sheets 

nd βLG amyloid fibrils onto a porous poly(ether sulfone) (PES) 

upport membrane using pressure-assisted filtration, as shown in 

cheme 1 . Typically, GO nanosheets and βLG amyloid fibrils were 
3 
ispersed separately in nanopure water at room temperature un- 

er pH = 2 to form stable dispersions, which were then mixed at 

 certain mass ratio to form dispersions of GO- βLG hybrids. When 

he GO: βLG ratio was lower than 3:1, the dispersions of hybrid 

aterials gradually phase-separated showing a clear top phase of 

ater and a dark bottom phase of hybrid precipitates ( Fig. 1 a). The 

bserved sedimentation and precipitation is attributed to electro- 

tatic interactions between negatively charged GO sheets and posi- 

ively charged βLG amyloid fibrils [36] . The complexation between 

O and βLG amyloid fibrils was confirmed using FTIR (SI-Fig. 3). 

ith increasing the loading of βLG amyloid fibrils, the intensity 

f carbonyl vibration of GO at ∼1730 cm 

−1 decreases and the in- 

ensity of amide II vibration of βLG amyloid fibrils at ∼1534 cm 

−1 

ncreases. When the GO: βLG ratio was higher than 3:1, the disper- 

ions of hybrid materials became completely stable without signif- 

cant sedimentation even after one year ( Fig. 1 a). We believe that 

he excess of GO sheets after complexing with βLG amyloid fib- 

ils serves as a surfactant to stabilize the GO- βLG hybrid disper- 

ion [41] . To fabricate homogeneous GO- βLG amyloid hybrid mem- 

ranes, four GO: βLG ratios were selected to prepare stable hybrid 

ispersions with βLG amyloid fibrils: 0 wt% (1:0 GO: βLG), 5 wt% 

95:5 GO: βLG), 15 wt% (85:15 GO: βLG), and 25 wt% (3:1 GO: βLG). 

he resulting membranes were ∼100 nm in thickness. The neat 

O membrane exhibited reflective metallic coloration, while the 

O- βLG hybrid membrane displayed homogeneity across the sur- 

ace of the membrane ( Scheme 1 b). Surface topographic analysis by 

FM revealed that the neat GO membrane had the wrinkled sur- 

aces while the GO- βLG hybrid membrane showed flatten surfaces 

ontaining nanoscale βLG amyloid fibrils ( Fig. 1 b). This observation 

s consistent with the literature report on amyloid induced sup- 

ression of instability of GO sheets [36] . During the membrane for- 

ation, βLG amyloid fibrils interact with GO sheets through elec- 

rostatic interactions and thereafter are intercalated in the stacked 

O laminated structures to suppress wrinkling of GO sheets [20] . 

e quantitively investigated the surface roughness of the mem- 

rane in terms of average roughness, as shown in Fig. 1 c. As the 

LG fibril loading increases from 0 wt% to 25 wt%, the surface 

oughness of membranes decrease from 21 nm to 16 nm, indicat- 

ng that the intercalated βLG amyloid fibrils effectively stabilize GO 

heets [39] . The resultant GO- βLG hybrid membrane was mechan- 

cally robust and no degradation occurred after filtration. On the 

ontrary, the neat GO membrane was instable and readily disinte- 

rated after filtration (SI-Fig. 4). 

Fig. 2 a shows XRD data of the interlayer spacing of dried mem- 

ranes versus βLG amyloid fibril loading. The interlayer spac- 

ng was calculated from the Bragg peak at 2 θ ∼ 10 ◦ (SI-Fig. 5). 

he neat GO membrane displays an average interlayer spacing of 

.88 Å. The incorporation of βLG amyloid fibrils into GO mem- 

ranes expands the average interlayer spacing up into 9.15 Å. A 

onsequence of enlarged interlayer spacing between GO sheets 

s the formation of larger 2D nanochannel networks and addi- 

ional pathways for water permeation [ 2 , 5 ]. We examined the fil- 
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Fig. 1. (a) Photograph of dispersion of GO- βLG hybrids at pH = 2 with different GO: βLG mass ratios, ranging from 1:7 to 7:1 after one year physical mixing. (b) (b1) 

and (b2) are AFM images of neat GO membrane in height and amplitude modes, respectively, and (b3) and (b4) are AFM images of GO- βLG hybrid membrane containing 

25wt% amyloid fibrils in height and amplitude, respectively. The amyloid fibrils are shown as the fine fibril texture in (b4). (c) Plot of surface roughness of membranes versus 

amyloid fibril loading. Error bars represent ranges of measured values. 

Fig. 2. (a) Interlayer spacing of membranes obtained by X-ray diffraction (XRD) versus amyloid fibril loading. (b) Water flux rate versus pressure applied in the membranes 

with different amyloid fibril loadings as shown in Fig. 2 (b). Error bars represent ranges of standard deviations. 
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ration performance of hybrid membranes containing different βLG 

myloid fibrils under applied pressures from 1.0 to 4.0 bar, as 

hown in Fig. 2 b. The water flux through neat GO and amyloid 

ntercalated GO membranes increase more or less linearly with 

ncreasing applied pressure. This observation is in good agree- 

ent with Hagen-Poiseuille model of fluid flow through multi- 

ayered laminar membranes [12] . Intercalation of amyloid fibrils 

nto GO membranes also results in an increment of water flux. 

he permeance was obtained from the slope of linear fit of the 

ata. The neat GO membrane exhibits an average water perme- 

nce of 8.8 L �m 

−2 �hr −1 �bar −1 , while the GO- βLG hybrid mem- 

rane demonstrates enhanced water permeance with increasing 

LG amyloid fibril loading. The average water permeance can reach 

5.6 L �m 

−2 �hr −1 �bar −1 when the βLG amyloid fibril loading is 25 
4 
t%. This observation is consistent with enlarged interlayer spac- 

ng and reduced surface wrinkling of GO sheets in hybrid mem- 

ranes. Enlarged interlayer spacing between GO sheets generates 

ore free volume for water diffusion, which results in a higher 

ater content and a higher water flux [6] . The flattened surface of 

O sheets with intercalation of βLG amyloid fibrils, furthermore, 

rovides low-friction water transport channels. In addition, water 

ransport through multilayered GO sheets may also be influenced 

y oxygen-rich functional groups [5] . The bulky carboxyl functional 

roups (4.0 Å) on the edges of GO sheets are highly reactive, hy- 

rophilic, and have a high binding energy with water, resulting 

n steric hindrance to impede water flux [5] . In the GO- βLG hy- 

rid membrane, a reduction in the proportion of free, negatively- 

harged carboxyl groups due to electrostatic interactions between 
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Fig. 3. (a) Salt solution permeance versus amyloid fibril loading and (b) salt rejection rate versus amyloid fibril loading for three salts: Co(NO 3 ) 2 , CuCl 2 and Na 2 SO 4 . Dashed 

lines guide eyes only. Error bars represent ranges of measured values. 
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egatively charged GO sheets and positively charged βLG amy- 

oid fibrils may reduce such steric hindrance and therefore water 

ux becomes faster. Thus, nanofiltration in GO- βLG hybrid mem- 

ranes is improved due to the combination of an increase in inter- 

ayer spacing, a decrease in GO sheet wrinkling, and a reduction in 

ater-binding functional groups. 

It has been reported that the incorporation of amyloid fibrils 

nto membranes is effective for removing heavy metal ions dur- 

ng water purification [37] . To evaluate the removal performance 

f heavy metal ions in amyloid-intercalated GO membranes, we se- 

ected two salts containing heavy metal ions, Co(NO 3 ) 2 and CuCl 2 . 

or comparison, we also examined a well-studied salt without 

eavy metal ions, Na 2 SO 4. Fig. 3 displays the salt filtration re- 

ults of GO- βLG hybrid membranes with different amyloid fib- 

ils. The neat GO membrane shows the salt solution permeance in 

he range of 18–22 L �m 

−2 �hr −1 �bar −1 and exhibit a moderate salt 

ejection in the range of 39–51%, following the order of Na 2 SO 4 

51%) > CuCl 2 (43%) ∼ Co(NO 3 ) 2 (39%). It has been well-recognized 

hat the combination of size exclusion hindrance and Donnan elec- 

rostatic exclusion is dominant in ion transport through nanofiltra- 

ion membranes [42] . Generally, when the hydrated radii of ions 

re larger than 4.5 Å, the interlayer spacing of neat GO membranes 

lays an important role in ionic sieving and rejection of the ions 

ack into the solution. However, when the hydrated radii of ions 

re below 4.5 Å, the ions are readily passed through the nanochan- 

els [5] . Since the hydrated radii of ions in this work follow the 

rder of Cu 

2 + (4.19 Å) > SO 4 
2 − (3.8 Å) > Na + (3.58 Å) > NO 3 

−

3.4 Å) > Co 2 + (3.35 Å) > Cl − (3.3 Å), the size steric exclusion 

lone is insufficient to remove these ions and thus the Donnan 

lectrostatic exclusion plays determinative roles. On the basis of 

onnan exclusion theory, the negatively charged GO membrane 

ill exclude A 2 B salts containing the divalent anion (B 

2 −) much 

ore than AB 2 salts containing the divalent cation (A 

2 + ) [42] . As 

uch, the valence ratio of anion and cation ( Z −/ Z + ) of salts is used

o evaluate their electrostatic interactions with the charged mem- 

rane. The Z −/ Z + ratio of salts in this work follows the order of 

a 2 SO 4 (2:1) > Co(NO 3 ) 2 (1:2) ∼ CuCl 2 (1:2). Thus, the neat GO 

embrane repels Na 2 SO 4 stronger than Co(NO 3 ) 2 and CuCl 2 and 

hus the salt reject rate of Na 2 SO 4 is greater than those Co(NO 3 ) 2 
nd CuCl 2 . 

In the βLG amyloid-intercalated GO membranes, the salt per- 

eance of Na 2 SO 4 increases with amyloid fibril content while 

o(NO 3 ) 2 and CuCl 2 display decreased salt permeation, as shown 

n Fig. 3 a. In general, the higher the permeance is, the lower the 

eject rate is [5] . In this work, the salt rejection of Na SO de-
2 4 e

5 
reases with amyloid fibrils while Co(NO 3 ) 2 and CuCl 2 demon- 

trate increased salt rejection as shown Fig. 3 b. The intercala- 

ion of βLG amyloid fibrils into GO membranes enlarges the in- 

erlayer spacing of GO sheets, resulting in increased salt perme- 

nce of Na 2 SO 4 [20] . In addition, the incorporation of positively 

harged amyloid fibrils decreases the charge density of negatively 

harged oxygenated functionalities on the GO sheets and therefore 

educes Donnan exclusion effect, leading to decreased salt rejec- 

ion of Na 2 SO 4 . When the heavy metal ions transport through the 

ybrid membranes, they are able to form complexes with protein 

myloid fibrils through carboxyl, amine and thiol groups, further 

eading to reduced permeance and enhanced salt rejection. It has 

een reported that the βLG amyloid fibrils have effective bind- 

ng sites at the cysteine 121 residue capable of adsorbing heavy 

etal ions, [37] and βLG also contains two histidine residue in 

ts C-terminal region [43] , which may coordinate to heavy metals. 

oordination bond formation between the heavy metal ions and 

LG amyloid fibrils favors the formation of complexes, resulting in 

ower permeation and higher rejection. 

Fig. 4 shows dye separation performance of GO- βLG hybrid 

embranes with different amyloid fibrils. Four organic dyes were 

elected: methyl orange (MO) and Congo red (CR) are negatively 

harged, while methylene blue (MB) and Alcian blue (AB) are pos- 

tively charged. The dye solution permeance of the neat GO mem- 

ranes is 4–9 L �m 

−2 �hr −1 �bar −1 , as shown Fig. 4 a. It is found that

he neat GO membrane demonstrates > 97% rejection for all dyes, 

ollowing the order of AB (99.9%) = MB (99.9%) > CR (98%) > MO 

97%). Generally, the rejection mechanism of charged dyes in the 

O based membranes relies on size exclusion, adsorption and elec- 

rostatic interactions [12] . The neat GO membrane in this work 

hows very high rejection ( > 97%) for all charged dyes with a hy- 

rated radius above 5 
◦
A 

, suggesting all three rejection mechanisms 

ct in tandem to separate organic dyes [20] . It is interesting that 

he positively charged dyes (AB and MB) exhibit slightly higher re- 

ection than negatively charged dyes (CR and MO) in the negatively 

harged neat GO membranes, suggesting the adsorption plays a 

ole. 

In the βLG amyloid-intercalated GO membranes, the dye per- 

eance increases with amyloid fibril content as shown Fig. 4 a. The 

ast permeation with amyloid fibrils is attributed to enlarged inter- 

ayer spacing of amyloid intercalated membranes. The dye rejection 

n hybrid membranes remains > 97% as in the neat GO membranes, 

xcept for negatively-charged MO that shows slightly decreased re- 

ection with amyloid fibrils ( Fig. 4 b). We believe that the Donnan 

xclusion effect plays a role in the decreased MO rejection with 
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Fig. 4. (a) Dye solution permeance versus amyloid fibril loading and (b) dye rejection rate versus amyloid fibril loading for four dyes: methyl orange (MO, 327.3 g/mol) and 

Congo red (CR, 696.7 g/mol) are negatively charged, while methylene blue (MB, 319.85 g/mol) and Alcian blue (AB, 1298.9 g/mol) are positively charged (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 5. Fouling resistance of amyloid intercalated GO membranes. (a) Plots of permeance versus time for three periods: pure water flux (I) before feeding the foulant solution, 

foulant solution flux (II) and pure water flux (III) after hydraulic washing, (b) plot of flux recovery rate ( FRR ) versus amyloid fibril loading, and (c) fouling ratio versus amyloid 

fibril loading for total fouling ratio ( R t ), reversible fouling ratio ( R r ) and irreversible fouling ratio ( R ir ). 
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myloid fibril content, because the incorporation of amyloid fib- 

ils into GO membranes decreases the negative charge density of 

embranes and provide additional nanochannels for dye separa- 

ion. For dyes of MB, AB and CR, the rejection changes little with 

myloid fibrils, indicating that the adsorption mechanism is domi- 

ant for MB, AB and CR [20] . It has been well-known that binding 

f these dyes to amyloid fibrils occurs through non-covalent inter- 

ctions [44–46] . It is noteworthy that the hybrid membranes are 

ufficiently strong to be cleaned after testing by ethanol, acetone 

nd water. The preliminary data shows that the hybrid membranes 

ave little physical damage and the dye rejection has little change 

fter five consecutive cycles (SI-Fig. 6) while the maximum cycle 

n this work can reach 12 consecutive cycles with little disintegra- 

ion under certain conditions. Further optimization of membrane 

abrication is warranted. 

Fouling resistance is critical to membrane applications in wa- 

er treatment [47] . In this work, we used bovine serum albumin 

BSA) as a model foulant to evaluate antifouling performance of 

he designed membrane. As shown in Fig. 5 a, three periods of wa- 

er permeation are recorded before feeding the foulant solution (I), 

uring filtration of the foulant solution (II) and after filtering the 

oulant solution (III). In the period I, the water permeance for hy- 

rid membranes increases with amyloid fibrils because of the en- 

arged interlayer spacing between GO sheets as discussed before. 

n the period II, the foulant solution is fed into the system and the 

olution permeance sharply decreases. In the period III, the foulant 

olution is completely filtered and the pure water permeance rises 

o a certain extent of recovery. To this end, the antifouling perfor- 

ance of the membrane is evaluated using the flux recover ratio 

FRR) as shown in Fig. 5 b. The neat GO membrane shows a moder- 
6 
te recovery of water flux and FRR is 58%. With 5% amyloid fibrils, 

he hybrid membrane demonstrates a significant rise in the flux re- 

overy ratio and FRR reaches 95%, indicating remarkably enhanced 

ouling resistance [20] . In other words, the filtering capacity of the 

ybrid membrane is readily recovered by hydraulic washing. Fur- 

her increasing amyloid fibrils of hybrid membranes, the flux re- 

overy ratio tends to reach a plateau. In general, the fouling of 

he membrane is attributed to absorption of foulants on the mem- 

rane by strong interactions between the two [20] . In this work, 

he incorporation of amyloid fibrils into GO membranes can reduce 

nteractions between BSA and GO sheets and thus increase foul- 

ng resistance. In addition, the surface roughness of the membrane 

ecreases with amyloid fibrils ( Fig. 1 c), further increasing the an- 

ifouling performance as the foulants are less likely to stick to a 

mooth surface [20] . 

To further understand the membrane fouling mechanism, we 

ave evaluated the fouling of the membrane in terms of fouling 

atio including total fouling ratio ( R t ), reversible fouling ratio ( R r ) 

nd irreversible fouling ratio ( R ir ) as shown in Fig. 5 c. The neat 

O membrane shows R t ∼ 75%, R r ∼ 32% and R ir ∼ 42%. As the 

olecular size of BSA is much larger than the nanochannel size of 

O membranes, the observation that the irreversible fouling ( R ir ) 

s higher than reversible fouling ( R r ) may be attributed to strong 

olecular interactions between BSA and GO such as ionic inter- 

ctions and hydrogen bonding [20] . Incorporation of amyloid fib- 

ils into GO membranes results in reduction of total fouling ( R t ). 

n contrast to the neat GO membrane, the reversible fouling ( R r ) 

n the hybrid membranes contributes most to the total fouling. 

s addressed before, the incorporation of amyloid fibrils decreases 

he charge density of oxygenated functionalities on the GO sheets. 
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s such, the foulant BSA has much weaker interactions with GO 

heets in the hybrid membrane than the neat GO membrane and 

herefore the irreversible fouling ( R ir ) significantly decreases. To 

his end, the hybrid membrane exhibits high hydraulic reversibility. 

. Conclusion 

We have reported the fabrication of amyloid-intercalated 

raphene oxide hybrid membranes and evaluated nanofiltration 

erformance in terms of flux rate, permeance, rejection rate and 

ouling ratios. The hybrid membranes are mechanically robust and 

mooth compared to the neat graphene oxide membrane. The in- 

orporation of amyloid fibrils into the graphene oxide membrane 

nlarges the nanochannels between graphene oxide sheets and sta- 

ilize the membrane, which allows fast water transport. The hybrid 

embranes exhibit enhanced rejection of heavy metal ions and re- 

ain high dye rejection. In addition, the graphene oxide membranes 

hange from irreversible fouling to reversible fouling upon interca- 

ated with amyloid fibrils and the flux recovery of resulting hy- 

rid membranes can reach > 95%. This work opens opportunities 

o fabricate mechanically robust graphene oxide-based membranes 

ith enhanced nanofiltration for water purification. We believe 

his work provides fundamental understanding of hybrid mem- 

ranes containing both 1D and 2D nanostructures leading towards 

ractical applications of wastewater treatment. 
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