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ABSTRACT 29 

Aquaporins are water channel proteins with high permeability and solute rejection, making them 30 

ideal components for the preparation of desalination biomimetic membranes. In one strategy, E. 31 

coli aquaporin Z (AqpZ) proteoliposomes are immobilized in a polyamide layer formed by 32 

interfacial polymerization at the inner surface of hollow fibers. However, once polymerization 33 

occurs, the system is almost a black box where it is difficult to disentangle the relative 34 

contribution to performance of (i) water permeation through AqpZ channels and (ii) the possible 35 

modification of the properties or structure of the polymer layer by the mere presence of protein 36 

and lipid. Indeed, the fate of protein and lipid once the polymer is formed, and how much of it is 37 

actually used, is under debate. Also, the performance of these modules has been reported to be 38 

stable over several months. This is intriguing because of the expected degradation of functional 39 

AqpZ and lipid with time. Herein, we used lipid and AqpZ, both fluorescently labeled, to 40 

unequivocally localize both components only at the inner surface of the hollow fibers. To 41 

characterize module performance, we tested about 30 half-inch modules containing five hollow 42 

fibers each. Those reconstituted with wild type AqpZ produced higher permeability (~8.5 ± 0.9 43 

LMH/bar) than those reconstituted with AqpZ mutant (R189A) (~5.6 ± 1.7 LMH/bar) or lipid-only 44 

liposomes (3.7 ± 1.1 LMH/bar). However, while these differences are significant, they are smaller 45 

than expected from the comparison of relative permeabilities of membranes incorporating wild-46 

type AqpZ, R189A mutant and only-lipid. In addition, we show that in a five-month long 47 

experiment, performance of two of these modules showed only minor deterioration, if any, which 48 

is not consistent with the observed rapid degradation of proteoliposomes at room temperature. 49 

Overall, these data obtained in this set-up suggests that although both AqpZ and lipid are localized 50 

at the inner of the hollow fibers, they mainly behave as additives that modify the properties of the 51 

robust polyamide layer. A small contribution of AqpZ channel activity to module performance is 52 

possible, but to be significant it would require full coverage and a higher protein density in the 53 

proteoliposomes, which at present cannot be achieved in the current protocol.  54 

 55 

 56 

Keywords – Aquaporin Z, fluorescent dyes, hollow fibers, confocal microscopy, interfacial 57 

polymerization  58 
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1. Introduction 60 

 61 

Due to the growing demand for safe fresh water, one of the multiple applications of selective 62 

membranes is water reuse and desalination. Reverse osmosis (RO) and thin-film composite (TFC) 63 

membranes provide high-quality water by removing almost all impurities including ions and small 64 

organic molecules [1]. A variety of synthetic channels have been inspired by biological water 65 

channels for incorporation into TFC membranes [2]. However, direct incorporation of natural 66 

biological channels such as aquaporins (AQPs) into synthetic environments is also possible. AQPs 67 

permeabilize membranes to water and other small solutes [3-5]. They have a tetrameric 68 

architecture that is very conserved from bacteria to humans [6-12], where each monomer functions 69 

as a water channel [13] subject to a degree of cooperativity [14]. Orthodox aquaporins like E. coli 70 

aquaporin Z (AqpZ) reject other solutes, including protons, and can deliver a water flux of up to 71 

~3 billion water molecules per second [15, 16].  72 

Aquaporin-based biomimetic membranes (ABMs) have attracted considerable interest over the last 73 

decade. In one successful design, AqpZ proteoliposomes in a solution of m-phenylenediamine 74 

(MPD) are used to soak the inner surface of an ultrafiltration (UF) hollow fiber membrane. After 75 

the addition of trimesoyl chloride (TMC), a polyamide layer is formed by interfacial 76 

polymerization (IP). In a hypothetical ‘encased’ model [17], formation of this IP layer constitutes 77 

a protective environment for the incorporated AqpZ proteoliposomes, which is critical for 78 

retaining activity over long term operation in practical applications. Compared with commercial 79 

RO membranes, ABMs require half of the applied pressure to achieve the same water flux, 80 

therefore they can potentially reduce energy consumption [18]. This design can be easily scaled up 81 

and may lead to the design and development of a new generation of AQP-based hollow fiber 82 

membranes for RO and forward osmosis (FO) applications. 83 

However, it is difficult to visualize AqpZ proteoliposomes trapped or embedded within the 84 

crosslinked polyamide matrix that covers the inner face of these porous hollow fibers [18-20]. 85 

Electron microscopy images show a few intact liposomes [18, 21, 22], but whether other liposomes 86 

form a homogeneous layer or are trapped in an intact form in the ~ 300 nm thick IP skin is not 87 

known. It is also not known if these liposomes are only localized only at the inner surface of these 88 

hollow fibers, or if they are also found inside the walls and the outer surface. The presence of AqpZ 89 

and lipid in the polyamide layer has been inferred indirectly from carbon, oxygen and nitrogen ratios, 90 

or from phosphorous quantification of lipid [22]. Finally, it is intriguing that these modules can 91 
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allegedly perform for several months [23], therefore the presence of lipid and AqpZ in the IP layer, 92 

and their precise role in the performance of these modules has been under debate.  93 

To visualize the localization of AqpZ and lipid fractions in the hollow fibers after IP layer 94 

formation, we have used confocal microscopy after incorporation of fluorescently labeled AqpZ 95 

and lipid. While labeled lipids are commercially available, AqpZ was chemically labeled in-house. 96 

A small dye was preferred, since using a bulky fusion protein like green fluorescent protein (GFP) 97 

may have altered the behavior of proteoliposomes in solution and in the IP layer.  98 

Lastly, since the performance of these modules showed large variability, statistically significant 99 

results to investigate the role of AqpZ and lipid in water permeability could only be obtained after 100 

comparing about 30 half-inch modules containing five hollow fibers each. Overall, our results 101 

provide a critical assessment of the relative importance of the water channel activity of AqpZ in 102 

these hollow fibers, suggesting that it is the modification of the polyamide layer properties that is a 103 

critical factor in module performance.   104 

 105 

2. MATERIALS AND METHODS. 106 

 107 

2.1 Aquaporin Z proteoliposome preparation.  108 

Aquaporin Z (AqpZ) in 3% octyl-β-D-glucoside (OG) was obtained from ion-exchange and 109 

affinity chromatography using methods described previously [18]. E. coli total lipid (ECL, 110 

100500P) was obtained from Avanti® Polar Lipids, Inc (Alabama, US) in powder form. The lipid 111 

powder was solubilized in chloroform (100 mg/mL) and stored at -20 °C in glass vials. Liposomes 112 

were prepared using the film rehydration method [24]. The chloroform was evaporated under a 113 

nitrogen gas stream and the dry lipid film was exposed to vacuum overnight at 4 °C in the dark. 114 

The vacuum was filled with Argon gas before retrieving the vials. The film was rehydrated (Fig. 115 

1A, step 1) by addition of stock AqpZ to achieve a molar lipid-to-protein ratio (mLPR) of 400:1, 116 

where protein refers to monomeric AqpZ (mAqpZ). Stock AqpZ in OG was diluted typically ~ 117 

10x in phosphate buffer saline (PBS). Final nominal concentration of AqpZ, lipid and OG was 0.6 118 

mg/mL (24 µM), 8 mg/mL (10 mM) and 0.3%, respectively, with OsmPBS ~ 295-299 mmol/Kg. 119 

The mixture was vortexed vigorously, freeze-thawed three times with liquid nitrogen and warm 120 

water (44 °C), and incubated for 1 h at room temperature (Fig. 1A, step 2). Liposomes of uniform 121 

size distribution were prepared by extrusion through sequential passage first through 400 nm and 122 

later 200 nm pore-size polycarbonate membranes using an Avestin extruder (Avestin Inc., Ottawa, 123 

Canada) (Fig. 1A, step 3). The process typically resulted in liposomes of 150-200 nm in diameter 124 

and PDI < 0.2. To obtain lipid-only liposomes, i.e., without AqpZ, the procedure was the same, 125 
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except that the buffer added to the dry lipids did not contain AqpZ or OG. Proteoliposomes were 126 

stored at 4 °C and used on the same day. Samples used in stopped flow measurements and during 127 

soaking of the hollow fibers where further diluted 10x, i.e., they contained a final OG of 0.03%, 128 

far below the OG cmc (~0.75%).  129 

 130 

2.2. Determination of OG concentration.  131 

OG concentration was measured using a colorimetric glucoside assay [25, 26]. Briefly, a calibration 132 

curve was prepared by dilution of a 10% OG stock solution (from 0 to 2% OG). A mixture of 10 L 133 

of each OG concentration, 1 mL of 5% phenol and 2 mL of sulfuric acid was allowed to react for 30 134 

min in a glass vial. Absorbance at 490 nm was measured using a UV-Vis spectrophotometer 135 

Beckman Coulter DU-530. Calibration values were compared to those obtained with an AqpZ 136 

proteoliposome sample.  137 

 138 

2.3. Dynamic light scattering.  139 

Diameter and polydispersion of liposomes were measured by dynamic light scattering (DLS) at 532 140 

nm (Zetasizer ZS, Malvern Panalytical, Worcestershire UK) following established protocols [27].  141 

 142 

2.4. Water permeability.  143 

Water permeability was determined following light scattering intensity changes (500 nm) in a 144 

SX20 stopped-flow spectrometer (Applied Photophysics, Leatherhead, UK), as described 145 

previously [18]. As described above (section 2.1), proteoliposomes were first diluted 10x with 146 

PBS, with final tAqpZ of 0.6 µM and OG concentration of 0.03%. This solution was rapidly 147 

mixed at 15 °C, unless stated otherwise, with a hyperosmolar PBS solution containing 0.6 M 148 

sucrose (total Osms 1,021 mmol/kg) to establish a ~0.3 M inwardly directed osmotic gradient. The 149 

rate constant, k, was obtained from the average of more than ten individual traces and was fitted 150 

with Pro-Data Viewer (Applied Photophysics). Rate constant values were corrected to account for 151 

a non-exponential behavior [28] and membrane permeability (Pf) and AqpZ monomer 152 

permeability (pf) were calculated as described previously [18, 29].  153 

 154 

 155 

 156 

 157 

2.5. Preparation of dye-labeled proteoliposomes.  158 



 

6 

 

In labeled samples, AqpZ was chemically labeled with Alexa Fluor™ 555 NHS Ester 159 

(Invitrogen™) according to the manufacturer’s instructions. Briefly, Alexa Fluor™ 555 (10 160 

mg/mL) was dissolved in dry DMF obtained by MgSO4 filtration. A PD-10 gel filtration column 161 

(Bio-Rad, USA) was used to exchange Tris-containing buffer in the AqpZ stock solution (3.2 mg 162 

AqpZ) to PBS and 1% OG. The sample was concentrated to 2.6 mg in 150 µL (~15 mg/mL). To 163 

the latter, 20 µL of the label in DMF was added slowly and under continuous stirring. This was 164 

followed by 2 h incubation with stirring in the dark, at room temperature. The labeled protein was 165 

separated from the free dye using a PD-10 gel filtration column (see Supplementary File, Fig. 1). 166 

Both species have high absorbance at 555 nm (see fractions 7 and 11 in Supplementary File, Fig. 167 

1A), but only AqpZ has absorbance at 280 nm (fraction 7 in Supplementary File, Fig. 1B). The 168 

degree of labeling (DOL) was determined from the absorbances of the protein-dye conjugate, Abs 169 

(P*), and the dye, Abs (D), at A280 and A555, according to the formula:  170 

 171 

                                  𝐷𝑂𝐿 =
(

𝐴𝑏𝑠(𝑃∗)280−𝐴𝑏𝑠(𝐷)280
𝜀280

)

(
𝐴𝑏𝑠(𝐷)555

𝜀555
)

                                                         (1)                                                                                                               172 

 173 

, where 280 and 555 are the extinction coefficients of AqpZ and dye at these wavelengths: 35.1 174 

and 150 mM-1cm-1, respectively. DOL of AqpZ was typically 80-90%.  175 

E. coli total lipids were spiked with TopFluor® PC (1-palmitoyl-2-(dipyrromethene boron 176 

difluoride) undecanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids Inc., Alabama, US) 177 

with 500 = 96.9 mM-1 cm-1, to reach a non-labeled/labeled lipid molar ratio of 400:1 in 178 

chloroform, and the mixture was dried. The labeled AqpZ was added to the dry ‘labeled’ lipid 179 

mixture as described above, to produce labeled AqpZ proteoliposomes (mLPR 400) with an 180 

approximate equimolar ratio between labeled lipid and labeled AqpZ monomer. Before collecting 181 

UV-Vis spectra to quantify lipid and protein, scattering from liposomes was eliminated by 182 

addition of an equal volume of a 6% OG solution. These two dyes were selected initially to 183 

perform FRET experiments between lipid (donor) and protein (acceptor). However, these were not 184 

successful probably because of the high dilution of the lipid. Absorbance of Alexa Fluor (protein) 185 

is not affected by TopFluor (lipid), but the latter partially overlaps with Alexa Fluor (about 26%). 186 

To account for this, the absorbance of the lipid dye was corrected (multiplied) by 0.71.   187 

 188 

2.6. Hollow fiber and module fabrication. Polyetherimide (PEI, ULTEMTM 1000 resin, Sabic) was 189 

used as a hollow fiber substrate fabricated by the conventional dry-jet wet spinning method [30]. The 190 
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molecular weight cut-off (MWCO) of the substrate was 300-400 kDa. That is, the membrane rejected 191 

90% of 300-400 kDa particles (Supplementary File, Fig. 2). A molecular weight of 400 kDa 192 

corresponds to particles of average diameter ~ 10 nm [31], whereas the proteoliposomes used have 193 

an average diameter of 200 nm. N-Methyl-2-pyrrolidone (NMP, >99.5%, Merck Chemicals, 194 

Singapore) served as the solvent to dissolve PEI and prepare a dope solution. Five hollow fiber 195 

membranes (0.8 mm inner diameter) were sealed in one 0.5-inch diameter Polyvinyl Chloride (PVC) 196 

module (L = 30 cm and ø = 0.5 cm).   197 

 198 

2.7. Interfacial polymerization.  199 

In a typical module reconstitution experiment (Fig. 1), the stock solution of AqpZ proteoliposomes 200 

consisted of 1 mL of 8 mg lipid/mL and 0.65 mg AqpZ/mL, i.e., 400:1 mLPR. First, 1 mL of stock 201 

solution was diluted 10x with MPD (m-Phenylenediamine ≧ 99%, Sigma-Aldrich) aqueous solution 202 

(1.2 wt % at pH 8) (Fig. 1B). Of these 10 mL, a 1 mL aliquot was taken for further characterization. 203 

The remaining 9 mL were used to soak the inner lumen of the fibers in the module for 5 min (Fig. 204 

1C). The solution was flushed out, and typically 90-95% of the volume was recovered. From the 205 

flushed volume, a 1 mL aliquot was taken for further characterization. After a rinsing step with 206 

cyclohexane (3 min), the inner volume of the fibers was exposed to a 0.15 wt% solution of TMC 207 

(trimesoylchloride, >99%, Sigma-Aldrich) in cyclohexane, and left to react for 3 min. The reaction 208 

between TMC and MPD at the inner surface of the hollow fibers led to interfacial polymerization 209 

(IP). Once fabricated, the modules were soaked in water for at least one day before testing. Samples 210 

prepared with inactive mutant AqpZ (R189A) or liposomes with no AqpZ served as negative control. 211 

The 1-mL aliquots taken before and after each module-soaking step were kept at 4 °C for further 212 

characterization (typically about 4 h after the soaking step).      213 
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 214 

Figure 1. Schematic of AqpZ proteoliposome and module preparation. A) Hydration of dry E. coli 215 

lipids by addition of AqpZ in OG, to form multilamellar proteoliposomes (1); freeze-thawing (2); 216 

manual extrusion to obtain unilamellar proteoliposomes of uniform size (3); B) proteoliposomes 217 

diluted 10x in MPD solution; C) soaking of the inner volume of the 5 fibers in the module, followed 218 

flushing out, a cyclohexane wash step and addition of TMC to form the IP layer, using the times 219 

indicated; D) a 1-mL aliquot was taken before an after soaking the module for further 220 

characterization. Graphic created with BioRender.com.  221 

 222 

 223 

2.8. Retention of lipid and protein inside the modules after IP.  224 

The amount of lipid and protein retained in each module after soaking was estimated from the 225 

absorbance at 500 (lipid) and 555 (protein) nm (Beckman-Coulter DU-530 spectrophotometer, 1 226 

cm pathlength) and the measured volumes obtained before and after each module soaking step 227 

(Fig. 1), according to the formula:   228 

                   % Recovered =
𝐴𝐵𝑆𝑒𝑙𝑢𝑡𝑒𝑑 ×𝑉𝑜𝑙𝑒𝑙𝑢𝑡𝑒𝑑

𝐴𝐵𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙  ×𝑉𝑜𝑙𝑖𝑛𝑖𝑡𝑖𝑎𝑙    
                                                                           (2) 229 

 230 

2.9. Module evaluation. Sodium chloride (NaCl, Merck Chemicals, Singapore) was used to as the 231 

feed solute for RO crossflow testing. All other chemicals or materials were purchased from Sigma-232 

Aldrich (Singapore) unless otherwise stated and used as received. Milli-Q water (Millipore, 233 

integrated ultrapure water system) with a resistivity of 18.2 MΩcm was used to prepare feed 234 
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solutions. Evaluation of membrane separation properties (i.e., the pure water flux and salt rejection) 235 

was conducted by low-pressure RO tests using a bench-scale crossflow setup. A high crossflow rate 236 

of 0.3 m·s-1 was applied to minimize the effect of concentration polarization. The pure water flux test 237 

was carried out at 2 bar for at least 1 h until a stable water flux was reached. Salt rejection was 238 

measured at 2 bar with a 500 ppm NaCl feed solution using the same cross-flow setup. The water 239 

flux, Jv(Lm2h-1), was calculated according to the equation: 240 

𝐽𝑣 =
∆𝑤

∆𝑡𝑆𝜌
                                                                                                                                      (3) 241 

Where Δw(kg) is the weight of permeate collected over a certain period of time, Δt is the time 242 

interval in hours, S(m2) is the effective membrane area and ρ(kgL-1) is the density of permeate. 243 

The salt rejection, R(%), was calculated according to Equation: 244 

 𝑅 =
𝐶𝑝

𝐶𝑓
× 100%                                                                                                                            (4) 245 

, where Cf and Cp are the salt concentrations in feed and permeate, respectively. 246 

 247 

 248 

2.10. Preparation of hollow fiber sections for confocal microscopy. After formation of the IP layer in 249 

the hollow fibers, individual hollow fibers were retrieved immediately from the modules and dried 250 

for 1 h under vacuum. Sections of these fibers (0.3 cm long) were cut from the beginning (i.e., near 251 

the ‘input’ side), middle and end (near the ‘output’ side) along the fibers. These fiber fragments were 252 

embedded into hot paraffin using metal molds and were attached to a microtome cassette using a 253 

Leica EG1150 Embedding Center (Leica Biosystems, Germany) after curing for 1 hour on a cold 254 

plate. Thin uniform slices (5 µm thick) of the hollow fibers were obtained using a full-automated 255 

rotary microtome RM2265 (Leica Biosystems) and placed onto glass slides for viewing with a 256 

confocal microscope. This whole procedure took approximately 6 h after IP formation. Cross-257 

sections of the hollow fibers were viewed with a Zeiss LSM710 confocal microscope equipped with 258 

an Airyscan detector using a NeoFluar 10x/0.3 lens. All confocal microscopy experiments were 259 

conducted using two lasers, 488 and 561 nm, with emission referred to as “green” (499-548 nm) and 260 

“red” (574-627 nm) channels. Alternatively, the hollow fibers were imaged after testing the 261 

performance of the modules, i.e., three days after formation of the IP layer. In this case, the fibers 262 

were first left to dry overnight in the dark before subsequent steps. The cassettes were also stored 263 

overnight at -20 °C before obtaining the slices.  264 

 265 

 266 
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2.11 Preparation of bulk interfacial polymer (IP) for confocal microscopy  267 

Equal volumes of 1.2 % m-phenylene diamine (MPD) in water and 0.15 % trimesoyl chloride (TMC) 268 

in cyclohexane were mixed together in a small glass container (50 mL). Upon mixing, the polymer 269 

formed at the interface of the two solutions. A thick layer of that film was retrieved with two 270 

microscope slides. One slide was left to dry on the lab bench, and the other was dried under vacuum. 271 

The polymer in the two slides was viewed (i) six hours after drying and (ii) three days after drying.   272 
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3. RESULTS 273 

 274 

 275 

 3.1. The proteoliposome sample did not change significantly during preparation. To test if 276 

lipid or protein was lost during the preparation of AqpZ proteoliposomes, quantification was 277 

performed using the bands in the visible region in labeled proteoliposomes (see section 2.5). 278 

Absorbance at 500 or 555 nm did not change significantly, before or after extrusion (Fig. 2, 279 

inset). From the absorbances at 500 and 555 nm, the estimated final concentration of labeled 280 

lipid and AqpZ were indeed equimolar as expected (17.3 ± 2.1 µM and 17.4 ± 2 µM, 281 

although lower than the expected nominal value of 24 µM. Thus, both lipid and AqpZ 282 

concentrations were smaller than expected, even before extrusion, but the extrusion steps did 283 

not result in losses of either fraction. We note that the 280 nm band amplitude was about five 284 

times larger than expected (equivalent to 122 µM AqpZ, instead of the expected 25 µM). 285 

This is caused by a contribution of E. coli lipids in the UV around 270 nm, possibly because 286 

of the presence of ubiquinone or polyunsaturated lipids. We found that this contribution 287 

differed from batch to batch of commercial E. coli lipid (not shown). In any case, the 288 

absorbance at 280 nm did not change significantly in the labeled samples or in the unlabeled 289 

(not shown) ones.   290 

 291 

 292 

Figure 2. Sample quantification during labeled proteoliposome preparation. (A) UV-Visible 293 

spectra of proteoliposomes before (initial), after extrusion through 400 nm pores (400 nm) 294 
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and after extrusion through 200 nm pores (200 nm). The inset shows the variation of the 295 

absorbance in these three samples at 280, 500 and 550 nm for three independent 296 

measurements. The band at 280 nm could not be used to measure AqpZ concentration 297 

because E. coli lipids showed strong absorption in that region (not shown). 298 

 299 

3.2. Visualization of AqpZ and lipid at the inner surface of the hollow fibers after IP 300 

formation. After soaking and IP layer formation, the presence and localization of AqpZ and 301 

lipid within the hollow fibers was determined using confocal microscopy. This was 302 

performed in a half-inch module containing five hollow fibers (Fig. 3A-B). Each one of the 303 

fibers (Fig. 3C) was embedded in resin (Fig. 3D, and see Materials and Methods section 2.10) 304 

and imaged. Although slices were obtained for each fiber in several modules at the three 305 

regions shown in Fig. 3E, for simplicity only representative slices corresponding to the 306 

middle of one module are shown. Red (protein) and green (lipid) emission was clearly 307 

localized at the inner surface of the fibers (Fig. 3F-H, white arrows). In contrast, hollow 308 

fibers reconstituted with unlabeled AqpZ proteoliposomes did not produce any emission in 309 

the red channel (Fig. 3I) and only a faint emission in the green channel (Fig. 3J). Overlap of 310 

the two channels is shown in panels H and K. Other slices captured at these and other 311 

positions in other fibers and other modules were similar and are not shown. Thus, these 312 

results demonstrate that both AqpZ and lipid are localized at the inner surface of the hollow 313 

fibers and suggest their capture or encasing by the IP formation. Regarding the residual 314 

fluorescence observed in panel J, we later found (see below) that it was not caused by the 315 

hollow fiber material or by proteoliposomes, but by one or more chemicals present after IP 316 

formation. 317 

 318 
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 319 

Figure 3. Visualization of labeled AqpZ and lipid in hollow fibers approximately six hours 320 

after IP formation. (A-B) Half-inch module containing five identical hollow fibers; (C-D) one 321 

of these fibers before and after embedding in the resin (D); (E) half-inch module, where ‘in’ 322 

and ‘out’ represent the direction of water flow and arrows show cutting points; (F-H) 323 

fluorescence from a section of a hollow fiber reconstituted with labeled proteoliposomes; (I-324 

K) same for a section of a hollow fiber where unlabeled AqpZ proteoliposomes were used.   325 

 326 

3.3. Fluorescence from hollow fibers treated with unlabeled proteoliposomes. We 327 

investigated the fact that even hollow fibers treated with unlabeled proteoliposomes produced 328 

a faint fluorescence in the green channel 6 h after IP (Fig. 3J). Untreated hollow fibers 329 

produced no fluorescence (Supplementary File, Fig. 3A-C). However, when hollow fibers 330 

were imaged after testing module performance (water permeability and salt rejection), which 331 

typically required a total of three days until the sample was ready for the microscope, both 332 

red and green fluorescence could be clearly observed even when unlabeled proteoliposomes 333 

were used (Supplementary File, Fig. 3D-F). However, this unwanted fluorescence was not 334 

limited to the inner surface, but was also found inside the walls and at the outer edge of the 335 



 

14 

 

hollow fibers. When fibers reconstituted with labeled proteoliposomes were imaged in the 336 

same conditions (three days after IP formation) a similar result was obtained, although with a 337 

more intense fluorescence at the inner surface of the fiber, consistent with the presence of 338 

labeled lipid and protein in that sample (Supplementary File, Fig. 3G-I).  339 

To discount the possibility that proteoliposomes partially leaked through the hollow fiber 340 

walls, we produced hollow fibers with half the pore diameter (around 200 kDa cut-off), as 341 

small as technically possible using this technology. However, results using these narrower-342 

pore hollow fibers also showed fluorescence at the outer edge of the fibers after three days  343 

(not shown). To test if this fluorescence was caused by leftover MPD in the hollow fiber after 344 

IP formation, we solubilized MPD in water (2.5% MPD). The solution was initially colorless 345 

but acquired a yellowish color after three days, possibly because of oxidation. Howewer, 346 

although it produced a broad spectrum in the visible region (see Supplementary File, Fig. 4), 347 

no fluorescence was observed when excited at any of the wavelengths used in the confocal 348 

microscopy experiment (not shown). Similarly, a TMC solution in cyclohexane was colorless 349 

for up to three days, and did not produce any fluorescence (not shown). Although 350 

investigation of the origin of this fluorescence is out of the scope of the present manuscript, 351 

IP polymer formed in a small container (see section 2.11) was imaged in the confocal 352 

microscope 6 h after its formation. Consistent with our previous observations when we 353 

imaged modules reconstituted with unlabeled liposomes 6 h after IP formation (Fig. 3J), no 354 

fluorescence was observed in the red channel, but some could be detected in the green 355 

channel (Supplementary File, Fig. 5A-B). Fluorescence was undetectable if the sample was 356 

left to dry under vacuum (Supplementary File, Fig. 5C-D), suggesting that it derives from an 357 

oxidation product. Interestingly, fluorescence was much more intense after three days 358 

(Supplementary File, Fig. 5E-F) and was also detectable in the red channel, again consistent 359 

with our observations in module sections. As in the ‘6h sample’, the intensity of emission 360 

was clearly reduced when the sample was not exposed to oxygen (Supplementary File, Fig. 361 

5G-H). Therefore this demonstrates that this evolving fluorescence derives from the IP 362 

reaction products and not from the lipid or AqpZ.    363 

 364 

3.4. Quantification of lipid and protein retained in hollow fibers after module soaking. UV-365 

Vis spectra of samples collected before (input, I) and after soaking the modules (output, O) 366 

(Fig. 4A) show the presence of both lipid and protein (bands at 500 and 555 nm, respectively) 367 

and a very high absorption below 350 nm, due to MPD. A sample corresponding to the 368 
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cyclohexane wash (Fig. 1) only showed a band at 290 nm, attributed to MPD. This indicates 369 

that both fluorescent dyes (in lipid and protein) survived the exposure to MPD because we 370 

could monitor their presence even hours after module reconstitution. . We note that the MPD 371 

solution slowly evolved a colored compound over time, over several hours. However, after 4 372 

h it only amounted to approximately 0.007 absorbance units at 550 nm (Supplementary File, 373 

Fig. S4), whereas our visible measurements were in the range 0.1-0.2. On average, 374 

absorbance values at 500 and 555 nm after soaking were lower than before soaking (Fig. 4A). 375 

From absorbance and volume values, and after a correction for the partial overlap of the two 376 

fluorophores (a 17/24 = 0.71 factor, see section 2.5), the average moles of lipid and protein 377 

retained in the modules was estimated to be 1.5 ± 1.6 nmoles (~17%) and 1.4 ± 1.1 (~19%), 378 

respectively (Fig. 4B). This loss is consistent with the 0.5-1 mL solution lost in each module 379 

after the soaking step and with the total inner volume of the five hollow fibers combined 380 

(~0.75 mL). This volume is likely then flushed out with the cyclohexane washing step and 381 

quantification of the actual protein and lipid available during IP formation could not be 382 

estimated.  383 

 384 

Figure 4. Lipid and protein retained in the modules. (A) Representative spectra corresponding 385 

to AqpZ proteoliposomes mixed with MPD before soaking (input, blue) and after soaking 386 

(output, red), and a sample obtained after cyclohexane wash containing MPD alone (black); 387 

(B) difference between the nanomoles of lipid and protein, before and after soaking, based on 388 

the absorbances of the solutions at 500 nm and 555 nm, respectively. Values for individual 389 

modules (five fibers each) are shown as black dots. GlassQuantile plots were obtained with 390 

Mathematica v. 12.3.1 (Wolfram Research, Inc., Champaign, IL), where short white 391 
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horizontal lines represent 25, 50 and 75% quantiles of the data and long lines represent the 392 

averages.  393 

 394 

3.5. Effect of labeling in stopped-flow experiments. Next, we tested the performance of these 395 

modules. However, we noticed that in stopped flow experiments, labeled proteoliposomes 396 

showed lower permeability than expected (see below). To test if this lower permeability was 397 

caused by AqpZ or lipid labeling, we compared proteoliposomes reconstituted with either 398 

labeled AqpZ or labeled lipid at different LPRs (Fig. 5). As expected, in unlabeled samples 399 

(first and fourth bar), LPR 400 proteoliposomes were about twice as permeable as LPR 800 400 

proteoliposomes, on account of their higher AqpZ density. Similar results were obtained 401 

when only the protein was labeled (second and fifth bar), with Pf values similar to those 402 

obtained for unlabeled samples. Also, the Pf of LPR 400 samples with equal contribution of 403 

labeled and unlabeled AqpZ (third bar) was similar to that of LPR 400 liposomes made 404 

entirely with unlabeled AqpZ. Overall, this indicates that labeling of AqpZ does not have an 405 

effect on the shrinking rate of liposomes observed in stopped-flow experiments.  406 

However, when lipid was labeled (sixth and seventh bars), LPR 400 liposomes showed even 407 

lower permeability than LPR 800 samples where only AqpZ was labeled (fifth bar). These 408 

results suggest that it is the labeled lipid that affects liposome shrinking in the stopped-flow 409 

experiment. This is surprising since the ratio of labeled to unlabeled lipid is 1:400, but we 410 

hypothesize that labeling may affect the bulk lipid matrix rigidity. However, since the later 411 

probably plays no major role in module performance, we expected normal module 412 

performance when using labeled proteoliposomes (see below). 413 

 414 



 

17 

 

 415 

Figure 5. Effect of labeling on the permeability of AqpZ proteoliposomes in stopped flow 416 

measurements. For each condition, experiments were performed at the three temperatures 417 

indicated (top right) and the bars are the averages of these three values. The LPR in 418 

indicated at the bottom, and whether protein (P) or lipid (L) was labeled is indicated by 419 

white (non-labeled) and black (labeled) rectangles. A mixed white/black rectangle 420 

indicates a 50/50 mixture of labeled and unlabeled AqpZ.     421 

 422 

 423 

3.6. Module performance. The performance of the modules using labeled proteoliposomes 424 

(WT-L) was compared to those that used unlabeled samples of WT AqpZ (WT-UL), R189A 425 

mutant (R189A) or just E. coli lipid (Lipid). These results are summarized in Table 1 and Fig. 426 

6. Despite the labeling, modules reconstituted using labeled AqpZ proteoliposomes showed 427 

good water permeability (~ 8.1 LMH/bar), comparable to those reconstituted with unlabeled 428 

AqpZ (WT-UL) proteoliposomes (~ 8.9 LMH/bar). The difference was not significant at p = 429 

0.05 (Fig. 6A). To test the dependence of module performance on AqpZ water channel 430 

activity, six modules were tested with proteoliposomes containing R189A AqpZ mutant [29]. 431 

This mutant has a permeability about six times lower than wild type AqpZ (Supplementary 432 

File, Fig. 6). Modules reconstituted with R189A showed significantly lower permeability 433 

than those reconstituted with WT AqpZ, but higher than those where only lipid was used (5.6 434 

versus 3.7 LMH/bar, respectively) (Fig. 6A). Neverthless, this small difference is surprising 435 

since the permeability of lipid-only liposomes is about 5-10x lower than that of R189A 436 

liposomes (Supplementary File, Fig. 7). 437 
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In terms of salt rejection (Fig. 6B), modules reconstituted with unlabeled AqpZ (WT-UL) 438 

performed better than those that used labeled AqpZ (WT-L). When compared with labeled or 439 

unlabeled WT AqpZ, salt rejection was not worse when using the R189A mutant.  However, 440 

absence of protein (sample ‘Lipid’) reduced salt rejection, compared to WT-L, WT-UL or 441 

R189A modules. These results indicate that module water permeability is arranged in the 442 

order WT-UL > WT-L > R189A > Lipid. At first glance, this suggests that module 443 

permeability properties are linked to the permeability of membranes used. In terms of salt 444 

rejection, use of unlabeled AqpZ has a slight advantage over labeled AqpZ, but it is not 445 

affected by the use of the R189A mutant. However, modules reconstituted with only lipid are 446 

clearly worse than those that used AqpZ (WT-L, WT-UL or R189A).   447 

 448 

 449 

Table 1. Permeability and salt rejection of the modules. Legends indicate modules 450 

incorporating labeled (WT-L) AqpZ, unlabeled (WT-UL) AqpZ, average of all modules with 451 

labeled and unlabeled AqpZ (L+UL, AqpZ R189A mutant or liposomes with only lipid 452 

(Lipid). The number of modules (n) tested in each case is indicated.  453 
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 454 

Figure 6. Performance of reconstituted modules. Labels have same meaning as in Table 1. 455 

Values for individual modules (five fibers each) are shown as black dots. GlassQuantile plots 456 

were obtained with Mathematica v. 12.3.1 (Wolfram Research, Inc., Champaign, IL), short 457 

and long horizontal lines have the same meaning as in Fig. 4. The numbers represent p values 458 

in more stringent two-tailed test pairwise comparisons, where p < 0.05 is considered 459 

statistically significant. The symbols *, **, and n.s. represent p<0.05, p<0.01 and ‘not 460 

significant’, respectively. The number of modules used for each sample type is shown at the 461 

bottom. When no comparison is shown, results were not significantly different at p = 0.05. 462 

 463 
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3.7. Long term module performance. We have shown that AqpZ and lipid are co-localized 464 

with the IP layer (Fig. 3) and that module permeability seems somewhat correlated with  465 

membrane permeability (Fig. 6). However, both lipid and AqpZ are expected to be degraded 466 

with time, therefore if module performance requires a functioning AqpZ in a proper lipid 467 

environment, this seems to be in conflict with reports where, using this same procedure, 468 

modules can perform unaffected for several months [18, 23]. To test this, we incubated a 469 

solution of AqpZ proteoliposomes at room temperature and we monitored the kinetics of 470 

degradation using FTIR spectroscopy over more than five months (Fig. 7). These spectra 471 

show a reduction in the intensity corresponding to lipid ester C=O bond at 1740 cm-1 and a 472 

gradual increase in β-structure at 1635 cm-1.  473 

From these spectra, three features were quantified: α-helix percentage, lipid ester bond and α-474 

helix/β-structure ratio (Fig. 8A). The band corresponding to lipid ester C=O bond (1741 cm-1) 475 

decayed with a half-life of about one month (34 days), consistent with ester bond hydrolysis. 476 

At about five months, this band had disappeared almost completely. Features related to AqpZ 477 

integrity changed even faster; the α-helical structure content and the α/β ratio ended in a 478 

plateau in about 1-2 months.  479 

Since the reconstituted modules are kept at room temperature, it is reasonable to assume that 480 

if these same processes take place inside the IP layer, and performance critically depends on 481 

AqpZ water channel activity, initial permeability and salt rejection would not be maintained 482 

for more than 2-3 weeks.  483 

To test this, in parallel with the above experiment, we tested two half-inch modules 484 

reconstituted independently with unlabeled AqpZ proteoliposomes, and performance was 485 

evaluated over 5 months at the times indicated by the dotted lines in Fig. 8A and dots in Fig. 486 

8B-C. The initial performance of the two modules was higher than 8 LMH/bar, whereas salt 487 

rejection was around 95%. Over five months, the modules were tested periodically, only at 488 

the times indicated, for one day, and no chemical cleaning was done. Water permeability was 489 

somewhat lower, but still above 8 MHL/bar after five months, whereas salt rejection was 490 

reduced to around 92-93%.  491 

 492 

  493 

 494 

 495 

 496 
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 497 

Figure 7. Ageing of AqpZ proteoliposomes at room temperature. (A) IR spectra of AqpZ 498 

proteoliposomes stored at room temperature, where each spectrum is labeled with the 499 

number of days since incubation started. Arrows indicate direction of change.  500 

 501 

 502 



 

22 

 

 503 

Figure 8. Kinetics of degradation and module performance over several months. (A) 504 

Evolution of lipid band area, % of α-helix structure and ratio α-helix/β-structure taken as 505 

the ratio of intensities at 1655 and 1635 cm-1, respectively, based on the data in Fig. 7. 506 

Dots represent individual measurements whereas lines represent fitted mono-exponential 507 

decay curves. Vertical dotted lines represent the times at which the performance of the 508 

modules were tested (see panels B and C); (B-C) permeability (B) and salt rejection (C) in 509 
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the two modules immediately after IP formation (day 0) and after a number of days 510 

indicated (dots). Lines are only shown to guide the eye. 511 

 512 

 513 

4. Discussion.  514 

 515 

 516 

4.1. Module permeability is not consistent with major AqpZ water channel contribution. The 517 

confocal microscopy results clearly show that both lipid and AqpZ are retained in the inner 518 

surface of the hollow fiber, likely co-localized with the IP layer. The fluorescence observed, 519 

measured a few hours after IP formation, did not spread to other parts of the hollow fiber. 520 

This is consistent with the MWCO of the substrate, 300-400 kDa, equivalent to a particle size 521 

of about 10-11 nm in diameter. For example, the effective hydrodynamic diameter of HIV 522 

Env protein (500 kDa, PDB: 4NCO) is 11.5 nm, according to the HydroPro algorithm [32]. 523 

This size is more than one order of magnitude smaller than the liposomes used (150-200 nm). 524 

While both components are present, the actual amount of lipid and protein retained at the 525 

inner surface of the hollow fibers before IP is difficult to quantify. Ideally, one should 526 

achieve a complete coverage of a surface with liposomes to maximize permeability, referred 527 

to a ‘1x coverage’. Based on liposome size and either cross-sectional area of lipids, e.g., 50-528 

65 Å2 [33, 34] or bilayer thickness [22, 35], ~ 2 µg lipid/cm2 is required for this. If one 529 

considers a model where the available surface for water flux is a series of side-to-side non-530 

overlapping half-spheres covering the entire surface [36], for 150 nm liposomes this would 531 

require ~44 liposomes/ µm2 (Equation 1 in Supplementary File) which, independent from  532 

vesicle radius, would represent an available surface of 1.57 µm2 for each 1 µm2.  533 

From the membrane permeability value (Pf) obtained in the stopped-flow (~440 µm/s), one 534 

can derive the permeability (A) [36] of the membranes (see Equation 2 in Supplementary 535 

File)  as 0.32 µm s-1 bar-1. Since in that model water would have to cross the liposome twice 536 

(two half spheres), the membrane permeability is halved, i.e., 0.16 µm s-1 bar-1. Corrected by 537 

the surface factor, 1.57, this is equivalent to 0.25 µm s-1 bar-1, or 0.9 LMH bar-1. Therefore, 538 

even with 1x coverage, the contribution of the water channel activity of AqpZ at this LPR 539 

400 ratio is expected to be roughly < 10% of the one observed for modules reconstituted with 540 

WT AqpZ (8-9 LMH bar-1). The low density of protein is clearly a limitation [17]. From the 541 

area of each AqpZ tetramer (36 nm2, PDB 1RC2) and a 65 Å2 estimate for lipid area, the 542 

AqpZ density is only 1,800 AqpZ tetramers/µm2 (2,800 after 1.57x correction), whereas ~ 543 
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40,000 tetramers could be fitted if they were maximally arranged side-to-side, in a 2D-544 

crystallization fashion. In the latter case, permeability due to AqpZ could increase more than 545 

one order of magnitude, to higher than 10 LMH/bar.   546 

In a recent report, polymer surfaces were exposed to liposome solutions containing 50 or 250 547 

times excess lipid than the 2 µg lipid/cm2 required for 1x coverage, and phosphorous 548 

deposited on the surface was quantified by ICP-MS [22]. The analyzed membranes contained 549 

1.35% and 1.06 % of total phosphorous, respectively, equivalent to a coverage of 550 

approximately 65% (50 x 0.0135) and 250% (250 x 0.01). In our conditions, we exposed the 551 

surface of the hollow fiber to a ‘100x’ excess solution, expected from [22] to produce a 100 552 

% coverage. In any case, we show that even in the most favorable case of 1x coverage, the 553 

AqpZ water channel contribution would be <10% of the one observed in the modules tested.     554 

 555 

 556 

4.2. Comparison of modules made with WT, R189A and lipid-only proteoliposomes. From 557 

our stopped-flow results, the membrane permeability (Pf) for wild type AqpZ, R189A 558 

mutant and just-lipid proteoliposomes was ~440 µm/s, ~88 µ/s and ~15 µm/s, respectively, 559 

i.e., WT AqpZ membranes are ~25x more permeable than lipid-only membranes 560 

(Supplementary Fig. 7). However, the presence of WT AqpZ only increased module 561 

permeability by a factor of 2.3 from  3.7 ± 1.1 LMH/bar to ~8.5 ± 0.9 LMH/bar. Equally, 562 

the permeability of modules  reconstituted with AqpZ mutant (R189A) (5.6 ± 1.7 563 

LMH/bar) was only ~1.5 lower than those that used WT AqpZ. These data, combined with 564 

the fact that complete coverage in these conditions would only account for ~ 1 LMH/bar 565 

for WT AqpZ, indicates that AqpZ water channel activity in this system does not have a 566 

major role in module performance.  567 

 568 

4.3. Long term module performance is inconsistent with fast proteoliposome degradation at 569 

room temperature. The conclusion above is supported by our long-term performance 570 

experiment. Indeed, while module performance only changed slighty over the course of five 571 

months, a proteoliposome solution showed degradation with a half-life of 1-2 weeks at room 572 

temperature. Even in the most optimal case of 1x coverage, one would expect to see a small 573 

reduction in water permeability over time of ~ 1 LMH/bar. It could be hypothesized that 574 

AqpZ and lipids are somehow stabilized after entrapment in the IP layer and do not suffer the 575 

same degradation observed in solution, or that AqpZ is still able to function even when most 576 
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bulk lipids are degraded, with key lipids, i.e., cardiolipin, still tightly bound to the protein 577 

[14, 37]. However, we think more likely that the coverage is lower than 100%.  578 

Regardless of the hypothesis, it is clear that most of the module performance is driven by the 579 

IP layer, which is far more stable than either lipid or protein components. Another question 580 

then is the origin of the differences observed in the performance of modules reconstituted 581 

with labeled or unlabeled WT AqpZ, R189A mutant and lipids. As discussed above, even 582 

considering a 1x coverage, these differences cannot be justified considering relative 583 

membrane  permeabilities. We hypothesize that these differences are due to morphological 584 

changes in the polyamide layer caused by the presence of lipid and protein components. In 585 

addition, although three of these samples contain the same protein, uniform labeling of AqpZ 586 

likely changes its stability relative to the unlabeled species. Similarly, WT AqpZ forms 587 

tetramers in SDS at room temperature, whereas the R189A mutant forms monomers in the 588 

same conditions (see gel in Supplementary File S8). Thus, module performance changes may 589 

depend on the physico-chemical characteristics of these additives. Overall, it is expected that 590 

increasing AqpZ density should improve performance, but this is difficult to achieve using 591 

proteoliposomes.   592 

 593 

 594 

 595 
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Supplementary File. 1 

 2 

 3 

Supplementary Figure 1. Labeling of AqpZ. (A) Size exclusion chromatography of AqpZ 4 

after incubation with Alexa-555 dye, monitored at 280 and 555 nm; (B) UV-Vis spectra of 5 

fractions 7 (labeled AqpZ) and 11 (free dye) corresponding to the two peaks in (A). Both labeled 6 

AqpZ and free dye absorb at 555 nm (fractions 7 and 11), but only AqpZ absorbs strongly at 7 

280 nm (fraction 7).   8 
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 11 
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 21 

Supplementary Figure 2. Molecular weight cut-off (MWCO) of hollow fiber support. 22 

Dextran solutions with molecular weights ranging from 6-500 k were evaluated after examining 23 

composition of feed and draw. The MWCO was taken as the molecular weight of dextran 24 

rejected >90% (see dotted line).  25 

 26 

 27 

 28 



3 

 

 29 

Supplementary Figure 3. Fluorescence of untreated hollow fibers and proteoliposomes 30 

(labeled and unlabeled) three days after IP. Representative slices of hollow fiber corresponding 31 

to (A-B) raw (untreated) fiber, (D-F) unlabeled AqpZ proteoliposomes and (G-I) labeled AqpZ 32 

proteoliposomes. Confocal microscope conditions as indicated in Materials and Methods section 33 

2.10. All images were processed in identical conditions. The first and second columns represent 34 

the “red” and “green” channels (see section 2.10) and the third is an overlay.      35 
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Supplementary Figure 4. Absorbance of a 1.2% MPD solution exposed to air. Spectra were 55 

obtained in 1 h intervals for 6 h (see labels). Despite absorbance increasing with time, the 56 

compound formed was not fluorescent after excitation over the whole range in the visible region 57 

(not shown).       58 

 59 



5 

 

 60 

 61 

Supplementary Figure 5.  Fluorescence of dry interfacial polymer obtained from a solution.  62 

The polymer was formed by mixing equal volumes of 1.2 % MPD in water and 0.15 % TMC in 63 

cyclohexane (see Materials and Methods section 2.11). (A-D) polymer formed observed after 6 h 64 

after IP formation, either dried in air (A-B) or dried under vacuum (C-D); (E-H) same as above 65 

but observed three days after IP formation, either dried in air (E-F) or under vacuum (G-H). First 66 

and second column represent the red and green channel, respectively. 67 
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 71 

Supplementary Figure 6. Permeability of wild type (WT) AqpZ and AqpZ R189A mutant. 72 

Conditions of the experiment are described in Materials and Methods section 2.4. Circles are data 73 

points whereas the line is a fitted double exponential function with rate constants k1 and k2  74 

indicated. Temperature was 15 °C. The fast component was used to calculate Pf and pf [29]. The 75 

unitary permeability pf of wild type AqpZ was 4.37 (± 1.3) x 10-14 cm3·s-1 (n = 4) whereas the 76 

R189A mutant pf was 0.87 (± 0.3) x 10-14 cm3·s-1 (n = 2). The wild type AqpZ permeability is of 77 

the same order of magnitude as those reported previously, e.g., Borgnia et al. (10 x 10-14) [29], 78 

Horner et al. (17 x 10-14) [33], Schmidt and Sturgis (11 x 10-14)[34] and Zhao et al (3.2 x 10-14) 79 

[18]. 80 
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Supplementary Figure 7. Comparison of rate constants obtained for wild type (WT) AqpZ, AqpZ 84 

R189A mutant and lipid-only liposomes. Conditions of the experiment are described in Materials 85 

and Methods section 2.4. The line is a fitted single exponential function with rate constants 86 

indicated at temperature of 15 °C. The permeability of R189A membranes is about one order of 87 

mgnitude higher than that of lipid-only liposomes. 88 
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Supplementary Figure 8. Comparison of stability of WT AqpZ and mutants at position R189.  99 

SDS-PAGE of eluted fraction from IMAC column at room temperature (-) or after heating at 70 100 

C for 5 min (-). The position of tetramers and monomers is indicated with an arrow. WT AqpZ 101 

forms tetramers at room temperature, but mutant R189A forms monomers. 102 

 103 

Equation 1. Liposomes per µm2 required to cover uniformly a surface with a single layer of 104 

intact non-overlapping liposomes of 150 diameter gives ~44 liposomes/ µm2 [36]. 105 

 106 

    (1) 107 

 108 

Equation 2. Formula to obtain the permeability (A) of the membranes as proposed in [36] from 109 

the Pf value obtained in the stopped-flow experiment, where A is the permeability (µm s-1 bar-110 

1), Vw is the volume of one mole of water, R is the gas constant and T is the temperature (K).   111 
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Supplementary Figure 1. Labeling of AqpZ. (A) Size exclusion chromatography of AqpZ 4 

after incubation with Alexa-555 dye, monitored at 280 and 555 nm; (B) UV-Vis spectra of 5 

fractions 7 (labeled AqpZ) and 11 (free dye) corresponding to the two peaks in (A). Both labeled 6 

AqpZ and free dye absorb at 555 nm (fractions 7 and 11), but only AqpZ absorbs strongly at 7 

280 nm (fraction 7).   8 
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Supplementary Figure 2. Molecular weight cut-off (MWCO) of hollow fiber support. 22 

Dextran solutions with molecular weights ranging from 6-500 k were evaluated after examining 23 

composition of feed and draw. The MWCO was taken as the molecular weight of dextran 24 

rejected >90% (see dotted line).  25 
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