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Abstract

This chapter continues to further expand its focus on aquaporins (AQPs) by offering a
general outline on how the AQPs block copolymers, and polymer support structures can
interrelate and such connections can be comprehensively classified and defined. The first
section of the overview will consider the relationship between block copolymers and
AQPs. It will also examine the general membrane protein integration into block copo-
lymers, since this can cause AQP-block copolymer complexes in vesicular (proteopoly-
mersomes) as well as in planar forms. The majority of considerations taken into account
during AQP incorporation come from the research conducted in relation to the process
of incorporating other types of membrane proteins. This chapter includes an overview of
the various characterization methodologies needed for the study of proteopolymersomes,
as well as freeze-fracture transmission electron microscopy (FF-TEM), fluorescence cor-
relation spectroscopy (FCS), small-angle X-ray scattering (SAXS), and stopped-flow light
scattering (SFLS). The research data presented in this chapter emphasizes the fact that
a successful process of membrane fabrication requires the integration of reconstituted
AQPs into a suitable supporting matrix formation.

Keywords: aquaporin proteins, block copolymer, matrix, vesicular, membrane protein

1. Assessing aquaporin proteins and block copolymer matrixes
interactions

Most research performed on membrane protein inclusion has been conducted primarily
with lipids as the host matrix components (original proteoliposomes publication on the sub-
ject came out in 1971) [1]. Since then, polymer-based incorporation process has received
increased attention and the earliest proteopolymersomes publication emerged in 2000 [2].
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The initial work stages in this research area concentrated on the inclusion of membrane-
spanning proteins, such as membrane-bound ion channels (ATPases) and bacteriorhodop-
sin incorporation into polymethyloxazoline-polydimethylsiloxane-polymethyloxazoline
(PMOXA-PDMS-PMOXA) triblock copolymer bilayers occurring in planar [3] or vesicular
forms [4-6]. It is quite fascinating that the membrane proteins may be functionally incor-
porated into polymeric bilayers (e.g., based on PMOXA-PDMS-PMOXA) that occur up to
10 times thicker than their lipidic counterparts [7]. Moreover, researchers have observed
proteopolymersomes with protein density values that drastically surpassed those of proteo-
liposomes [8]. Research on these phenomena has helped to establish a theoretical approach
for generalized membrane protein incorporation into the amphiphilic structures. This meth-
odology is based on the notion that the efficiency of the membrane protein incorporation
process relies on its hydrophobicity potential and its coupling capacity to the host mem-
brane is directly connected to the hydrophobic mismatch parameters. In order to reduce
this mismatch dynamic, the method calls for the host membrane to be deformed in such
a way that it matches the hydrophobic length parameter of the membrane protein’s trans-
membrane segment, in this case the hydrophobic length is 3-4 nm. A different manner of
adaption would produce alternative results since the host membrane-induced membrane
protein deformation is improbable due to the fact that membrane protein compressibility
potential is generally one or two orders of magnitude greater than the one present in lipids
[9, 10]. Researchers Srinivas and Discher argue that the application of coarse-grain simula-
tions can ensure that the flexible hydrophobic chains would allow protein incorporation.
Srinivas and Discher add that this may occur even in cases where there is a hydrophobic
mismatch greater than 22% between hydrophobic interior of the chain region and mem-
brane proteins [11, 12]. As a consequence, membrane proteins may be included with greater
efficacy if the hydrophobic chains are sufficiently flexible [10]. Sine chains that are more
flexible can possibly block the channel, a distinct lack of proteopolymersomes functionality
can be perceived, even though the membrane protein was functionally incorporated [11].
Furthermore, elevated polydispersity may facilitate higher incorporation efficiency levels,
since smaller chains can collect around the membrane protein and then offset the hydro-
phobic mismatch potential. Sufficiently positive incorporation data detected in the case of
PMOXA-PDMS-PMOXA can thus likewise be credited to the much higher polydispersity
index (PDI). Alternatively, in the setting such as natural lipid environment, the annual lipids
surrounding the incorporated protein may be chosen partially due to the similarity with the
lateral diffusion and protein surface [13]. The collective consequences of the hydrophobic
mismatch are substantial for ATPases, ion channels [9], and co-transporter proteins. On the
other hand, the effects of the mismatch are noticeably less for AQPs where they are reduced,
since the protein structure itself is intrinsically more rigid [14].

Stoenescu and coworkers conducted the initial incorporation of AQPs in polymer bilayer
in 2004 [15]. A research team by Stoenescu included an AQPO originating from the mam-
malian eye lens directly into the polymersomes of three diverse block architectures (ABA,
ABC, CBA, with A standing in for PMOXA, B for PDMS, and C for polyethylene oxide,
PEO). This type of block configuration shapes how the orientation of AQPO is being incor-
porated will occur. The data results obtained in this case suggest that ABA featured 50%
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of included AQPO0 with an orientation comparable to the one occurring in liposomes, CBA
included only 20%, while ABC had 80%, as shown in the antibody labeling. In all these test
examples, the process of incorporation was accomplished using the addition of AQP0 con-
tent into the detergent during the polymersome configuration, as well as with the applica-
tion of size exclusion chromatography (SEC) for the removal of non-incorporated protein
content [15].

Kumar and coworkers were able to produce the first evidence and samples of functional
AQP incorporation in 2007. Specifically, Kumar integrated bacterial AqpZ from E.coli in
PMOXA-PDMS-PMOXA polymersomes [7] and then verified their overall functional
capacity within the stopped-flow light scattering (SFLS). As a relatively familiar permeabil-
ity characterization methodology, SFLS permits the shrinkage of polymersomes because of
the response to osmolarity changes that are monitored for the duration of the process using
light scattering. The integration of AqpZ facilitated an osmotic response of proteopoly-
mersomes that is 800 times greater than the one occurring with empty polymersomes. This
test case likewise indicated that the activation energy, that is the barrier for water passing
through the AqpZ, was analogous to the one present in AQP reconstituted in frog oocytes
and proteoliposomes. During the testing, the molar protein-to-amphiphile ratio (mPAR)
for ideal AqpZ performance within the triblock copolymer system was determined to be
1:50, a ratio that correspond to a 1:100 in a (diblock or lipid) bilayer system scenario [7].
The elevated density reconstitution parameter of AQP is also demonstrated by the creation
of 2D AQP crystals that help collect structural (crystallographic) information about AQP,
a process similar to the one applied to lipid based 2D AQP crystals [16]. In this type of
process, a monolayer of nickel-functionalized polybutadiene-polyethylene oxide (PB-PEO)
is collected at the water-interface, and includes the presence of aqueous solution, histidine-
tagged AqpZ, PDMS-PMOXA-PDMS, and mixed micelles of detergent [17]. The property
of nickel affinity to histidine further connects the AqpZ to the PB-PEO layer [18], effectually
creating a dynamic of AqpZ high packing within the layer. Once the detergent is removed
with the aid of biobeads and the PB-PEO is taken out with imidazole, the closely packed
AqpZ PMOXA-PDMS-PMOXA crystals remained; however, the left over amount was not
sufficient for retrieving key structural data [19, 20]. Data suggest that 2D crystals may in
fact be useful when it comes to researching the effects of AQP on polymer self-assembly for
general types of applications. The AQP0 has been shown to easily form 2D crystals because
of its natural properties, as it occurs in stack formations within the eye lens [21]. The essen-
tial data findings collected during this experiment suggest that the AQPO shapes the self-
assembling behavior of both polymers in way that it is reciprocal to the hydrophilic volume
ratio f. As the mPAR values are increasing, the interfacial curvature becomes lower and
the polymersomes form into membrane sheets as well as a certain amount of crystals (see
Figures 1 and 2). When it comes to PB-PEO, the construction of polymersomes happened
only when AQP0O was added, while in the absence of AQPO solely cylindrical structures
were perceived. The greatest packing densities of functional AQPs within vesicular struc-
tures were noted at PB-PEO polymersomes featuring an mPAR of 1:15, a correlation that is
much higher than the one that was obtained in the cases with frog oocytes and proteolipo-
somes. While not all of the AQPO proteins were integrated, this sevenfold growth in osmotic
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Figure 1. A schematic drawing of aggregate morphologies portrayed as a function of mPAR. PB12-PEO10 as it goes
through four transitions. The morphologies shown in full color indicate the primary morphologies, where the pale colors
signify the coexisting morphologies [24].

response values is relatively consistent with the high-packing density parameters and low
permeability of AQPO [22]. In this experimental run, the integration occurred through the
process of mixing detergent-solubilized polymers with the detergent-solubilized AQPO,
and then dialyzing the detergent out of the mixture [8, 23]. In this case, the vesicle’s shape
continued to show substantially greater densities at block copolymers, when correlated
to standard types of lipids such as the 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE). The mPAR from the one-molecule bilaye- establishing ABA triblock copolymers
was split by two, effectually allowing direct comparative analysis with the PB-PEO diblock
copolymers and DOPE, both of which are acting as forming bilayers [24].

When it comes to the process of fabricating biomimetic membranes for a variety of appli-
cations, the original protein incorporation methodologies were from the period between
2009 and 2011 and were primarily based on the use of lipids [25, 26]. However, planar poly-
meric membranes have been effectively shown with the functional inclusion of gramicidin A
[27]. Such research initiatives were first introduces by a Danish company called Aquaporin
A/S. This company’s innovative approaches to the process of biomimetic membrane fabrica-
tion will be examined in the later sections. This researched will be supplemented with an
overview of the data generated by the research groups working at the National University
of Singapore (NUS) and the Singapore Membrane Technology Center (SMTC) at Nanyang
Technological University (NTU).
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Figure 2. The TEM images of aggregate morphologies as a function of mPAR, where the PMOXA-PDMS-PMOXA
copolymers self-assemble into vesicles, PB-PEO forms network- and sperm-like structures, however, only after
incorporation of AQPO0 vesicular structures are observed. Scale bar is 200 nm [23].

The overview in Table 1 summarizes the critical research data on the experimental mem-
brane protein and peptide, integration into block copolymer membranes. These data
include information on a range of parameters, such as polymer chemistry and stochiom-
etry, PDI, the incorporated membrane protein, the number-average molecular weight (M),
f, the transport cargo (e.g., water for AQP) if there was functional incorporation, mPAR
values, how polymer and membrane protein were mixed, and the shape of the polymer self-
assembled structure. The date also show how the function incorporation values were mea-
sured and how M (which can be quantified using NMR) is related to M as PDI=M |/ M,.
This table does not include the incorporation studies that do not include block copolymer-
protein interactions, such as cell-free expression systems [73-75], nanopores [76, 77], encap-
sulation in hydrophobic interior [6], hydrogel approaches [78, 79], and non-amphiphilic
polymers [80]. Due to this restriction on the data, the table showcases the results that were
made available by Wolfgang Meier and coworkers implementing PMOXA-PDMS-PMOXA
triblock copolymers.

An overview in Figure 3 outlines data on membrane protein integration into polymers in
cases where M and fare known. Every black dot signifies a single polymer. The connected
box summarizes the data on incorporated membrane protein family, polymer chemistry,
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Polymer M,Z PDI f Membrane Transport Cargo FI ~ mPAR Incorporation Main functional incorporation References
protein method measurement

PMOXA - 3.9 e X 1:3300 MAq, biobeads, Cargo — Reduction of [28]

PDMS,.- and SEC MP — EPR signal

PMOXA

PMOXA - 47 NA 044 Alamethicin X 1:590 MAq Current change [29]

PDMS, -

PMOXA

PMOXA, - 47 NA 044 Hemolysin X 1:110,000,000 MAq Current change [29]

PDMS, -

PMOXA

PMOXA - 47 NA 0.44 OmpG X 1:33,000,000 MAq Current change [29]

PDMS, -

PMOXA

PMOXA,- 64 161 049 NtAQP1 CO, X 1:360 MOr Cargo — Reaction inside [30]

PDMS, - vesicle - pH change

PMOXA,,

PMOXA,- 64 1.61 049 NtPIP2:1 Co, X 1:360 MOr Cargo — Reaction inside [30]

PDMS, - vesicle - pH change

PMOXA,

PMOXA,- 65 <12 051 AQPO H,O ND 10:1-1:1 MAq and dialysis [8]

PDMS, -

PMOXA,,

PMOXA,- 65 <12 051 AQPO H,O ND  10:1-1:50 MAq and dialysis [8]

PDMS, -

PMOXA,,

PMOXA,- 65 <12 051 AQPO H,O — 1:2.5-0 MAgq and dialysis ~ Vesicle size change [8]

PDMS, -

PMOXA,,

PMOXA - 60 1.01 02 AqpZ H,O X 1:100-1:1600 MAq and Vesicle size change [31]

PDMS, - biobeads

PMOXA,,
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Polymer M, PDI f Membrane Transport Cargo FI  mPAR Incorporation Main functional incorporation References
protein method measurement

PMOXA - 87 146 023

PDMS -

PMOXA

PMOXA - 60 1.01 03 AqpZ H,O X 1:50-1:400 MAq and Vesicle size change [32, 33]

PDMS, - biobeads

PMOXA,,

PMOXA - 6.0 101 03 Hemolysin — 1:83,000,000 MAq Current change [29]

PDMS,, -

PMOXA,,

PMOXA, - 74 NA 042 TsX Nucleosides X 1:450 MOr, SI, and SEC  Cargo — Encapsulated enzyme [34]

PDMS, - activity — Color change

PMOXA,,

PMOXA- 54 NA 022 Aqpz H,O X 1:3500 PFR, biobeads, Vesicle size change [35]

PDMS, - and SEC

PMOXA,

PMOXA - 61 164 030 OmpF ELF97 X 1:1200 MAq and SEC Precipitation inside vesicle — [36]

PDMS,.- Cargo Color change

PMOXA,,

PMOXA - 6.1 1.64 030 OmpF Acridine orange X 1:9,100,000 PPFR and SEC Cargo release — Color change  [37]

PDMS, -

PMOXA,,

PMOXA - 6.1 164 030 OmpF Paraquat. X 1:640 MAgq and dialysis No cargo — No detoxication of  [38, 39]

PDMS, .- Pyrocyanin encapsulated enzyme — Cell

PMOXA, death

PMOXA - 61 1.64 030 AQPO H,O ND  10:1-1:25 MAq and dialysis [8]

PDMS,.-

PMOXA,,

PMOXA - 6.1 164 030 AQPO H,O — 1:3-0 MAgq and dialysis  Vesicle size change [8]

PDMS,.-

PMOXA,,
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Polymer M,Z PDI f Membrane Transport Cargo FI  mPAR S Incorporation Main functional incorporation References
protein method measurement

PMOXA - 61 164 030 AqpZ H,O ND 14 Cr,V. MAqand [19]

PDMS,.- biobeads

PMOXA,,

PMOXA - 56 NA 019 Gramicidin A Monovalent X 1:81,000 P MOr Current change [27]

PDMS, - cations

PMOXA,

PMOXA,- 58 NA 021 ApgZ H,O X 1:3800 \Y PFR, biobeads, Vesicle size change [35]

PDMS, - and SEC

PMOXA,

PMOXA - 68 147 029 NADH e X 1:1900 \Y MAgq, biobeads, Cargo — Reduction of [28]

PDMS, - reductase and SEC MP — EPR signal

PMOXA

PMOXA .- 71 150 0.32 NADH e X 1:1800 \Y MAq, biobeads, Cargo — Reduction of [28]

PDMS, - reductase and SEC MP — EPR signal

PMOXA

PMOXA - 69 167 027 MiloKl Potassium X 1:390 P MAq and Current change [40]

PDMS,.- biobeads

PMOXA,,

PMOXA,- 76 NA 030 LamB Maltohexaose X NA P MAq Current change at varying [41]

PDMS,- cargo concentrations

PMOXA

PMOXA - 76 NA 030 OmpF Actylthiocholine X 1:10,000 \Y PFR Cargo — Encapsulated enzyme [41]

PDMS,- activity — Color change

PMOXA

PMOXA,- 76 120 030 ApqZ H,O X 1:10-1:1000 V PFR and biobeads Vesicle size change [42]

PDMS,,-

PMOXA

PMOXA .- 7.6 120 030 Hemolysin 1:66,000,000 V MAq Current change [29]

PDMS,,-

PMOXA .

il
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Polymer M, PDI f Membrane Transport Cargo FI  mPAR Incorporation Main functional incorporation References
protein method measurement

PMOXA,, - 8.7 200 037 NADH e X 1:1500 MAq, biobeads, Cargo — Reduction of [28]

PDMS,,- reductase and SEC MP — EPR signal

PMOXA,,

PMOXA,- 80 117 030 OmpF Enone X 1:220 PPFR and dialysis Cargo — Encapsulated enzyme [43]

PDMS, - activity — Color change

PMOXA,,

PMOXA- 88 NA NA OmpF ELF97 X 1:50 MAq and SEC Cargo — Precipitation inside [44]

PDMS- vesicle — Color change

PMOXA

PMOXA,- 107 183 047 OmpF 7-ADCA. PGME X NA PFR and dialysis Cargo — Encapsulated enzyme [45]

PDMS, - activity — Bacterial death

PMOXA,,

PMOXA,- 72 170 022 LamB DNA X 1:390 MOr, SI, and SEC  Fluorescence — labeled cargo [46]

PDMS, -

PMOXA

PMOXA,- 72 170 022 OmpF Nucleosides X 1:10-1:100 PPFR and SEC Cargo — Encapsulated enzyme [47]

PDMS, - activity — Color change

PMOXA |

PMOXA - 72 170 022 TsX Nucleosides X 1:10-1:100 PPFR and SEC Cargo — Encapsulated enzyme [47]

PDMS, .- activity — Color change

PMOXA |

PMOXA,- 72 170 022 LamB DNA X NA MAq [46]

PDMS, -

PMOXA,,

Lipids

PMOXA,- 9.0 170 0.36 Alamethicin Calcium X 1:24 MAq Cargo precipitation inside [48, 49]

PDMS, .- vesicle

PMOXA,,
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Polymer M,Z PDI f Membrane Transport Cargo FI ~ mPAR S Incorporation Main functional incorporation References
protein method measurement

PMOXA,, - 9.0 1.70  0.36 FhuA Sulphorhodamine X 1:6,000,000 A\ MOr, SI, and SEC ~ Cargo — Quenching inside [50-52]

PDMS,_ - B vesicle — Color change

PMOXA,,

PMOXA,- 9.0 170 0.36 FhuA T™MB X 1:4500. \% MAgq/ and Cargo — Encapsulated enzyme [50, 51,

PDMS, .- 1:3,600,000 biobeads/MOr, SI,  activity — Color change 53]

PMOXA,, and SEC

PMOXA,- 9.0 170 036 FhuA ND  3000:1 P MAq [51]

PDMS, -

PMOXA,,

PMOXA,- 9.0 170 036 FhuA NAD — NA \Y MAq Cargo — Encapsulated enzyme [52]

PDMS, .- activity — Absorbance change

PMOXA,, of cargo

PMOXA,- 9.0 170 036 FhuA DNA — NA Vv MOr, SI, and SEC  Fluorescence-labeled cargo [52]

PDMS, -

PMOXA,,

PMOXA,- 9.0 170 036 LamB Sugar X NA P MAq Current change at varying [54]

PDMS, .- cargo concentration

PMOXA,,

PMOXA,- 9.0 170 036 OmpF e X NA P MAq Current change [54]

PDMS, -

PMOXA,,

PMOXA,- 90 170 0.36 OmpF Ampicillin X 1:1000 \Y MOr and SEC Cargo — Hydrolysis inside [12, 55]

PDMS, .- vesicle — Color change

PMOXA,,

PMOXA,- 9.0 146 034 AqpZ H,O X 1:25, 1:50, \% PFR and biobeads Vesicle size change [56]

PDMS, .- 1:200

PMOXA,,

PMOXA - 78 148 025 BR H* X NA V/Mc  MOr and SI pH change [57, 58]

PDMS, -

PMOXA
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Polymer M, PDI f Membrane Transport Cargo FI  mPAR Incorporation Main functional incorporation References
protein method measurement

PMOXA - 78 148 025 BRand H* X 1:180 MOr and dialysis  pH change and [15]

PDMS, - ATPase bioluminescence assay

PMOXA

PMOXA,- 78 148 025 BRand H* X 1:20 PBR and dialysis ~ pH change [59-61]

PDMS - ATPase

PMOXA

PMOXA,- 95 NA 012 OmpF L-ascorbic acid, X 1:1300 PFR, dialysis, and Cargo — Absorbance change of [62]

PDMS, - CO, Na,5,0, SEC encapsulated protein

PMOXA, ONOO-

PMOXA,- 9.0 170 0.30 Hemaglutinin X 1:3800 MAq and MP — Fusion with [53]

PDMS, - biobeads fluorescence-labeled liposomes

PMOXA,,

PMOXA,- 94 138 0.14 NADH e X 1:1400 MAgq, biobeads, Cargo — Reduction of [38]

PDMS, - reductase and SEC MP — EPR signal

PMOXA,

PMOXA .- 104 1.44 0.19 NADH e X 1:1200 MAq, biobeads, Cargo — Reduction of [38]

PDMS, - reductase and SEC MP — EPR signal

PMOXA

PMOXA - 104 136 020 NADH e X 1:1200 MAg, biobeads, Cargo — Reduction of [38]

PDMS, - reductase and SEC MP — EPR signal

PMOXA,,

PMOXA,.- 107 1.62 021 AqpZ H,O X 1:25-1:500 PFR and SEC Vesicle size change [7,19]
15 qP 2 g

PDMS, -

PMOXA

PMOXA .- 107 1.62 021 OmpF ND NA MAq [53]

PDMS, -

PMOXA

PMOXA- 20.0 NA FhuA Calcein X 1:2,700,000 MOr, SI, and SEC ~ Cargo release — Color change  [54]

PDMS-

PMOXA
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Polymer M,Z PDI f Membrane Transport Cargo FI ~ mPAR S Incorporation Main functional incorporation References
protein method measurement
PMOXA .- 23.3 1.63 NADH e X 1:550 A\ MAq, biobeads, Cargo release — Reduction of [28]
PDMS, .- reductase and SEC MP — EPR signal
PMOXA
PMOXA- NA NA NA BR H* X NA P MAq pH change [55, 56]
PDMS-
PMOXA
PMOXA- NA NA NA BR and CcO Hfand e~ X NA \% MOr, SI, and SEC  Current and pH change [56, 57]
PDMS-
PMOXA
PMOXA- NA NA NA CcO e X NA P MOr, SI, and SEC  Current change [55, 56]
PDMS-
PMOXA
PMOXA- NA NA NA OmpF H* X NA P MAq Current change [58]
PDMS-
PMOXA
PMOXA - 134 NA 075 AQPO H,O ND  1:200 \% MOr, SI, and SEC [15]
PDMS, -
PEO,,
PMOXA - 106 NA 0.68 AQPO H,O ND  1:200 Vv MOr, SI, and SEC [15]
PDMS, -
PMOXA,,
MPEG-PVL 6.5 <1.2 0.00 PolymyxinB  Calcein X 1:2 MAq Cargo release — Color change  [63]
P2VP-PEO NA NA NA FhuA NAD — NA \% MOr, SI, and SEC ~ Cargo — Enzyme reaction [63]
inside vesicle — Absorbance
change of cargo
PB,-PEO, 1.1 109 032 AQPO H,O X 1:5-1:250 \Y MAgq and dialysis ~ Vesicle size change [8]
PB-PEO,, 1.1 1.09 0.32 AQPO H,O ND 1:1.3 Cr MAq and dialysis [8]
PB-PEO,, 1.1 1.09 0.32 AQPO H,O ND 1:1-1:10 P MAgq and dialysis [8]
PB,-PEO,, 11 109 03 AqpZ H,O X 1:50-1:1000 V MAq and dialysis  Vesicle size change [59]
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Polymer M, PDI f Membrane Transport Cargo FI ~ mPAR S Incorporation Main functional incorporation References
protein method measurement
PB-PEO,, 1.1 1.09 032 BR H* X 1:500 Vv MAq and pH change [60]
biobeads
PB,-PEO, 1.1 109 03 SoPIP2;1 H,O — 1:200 \% MAq and Vesicle size change [59]
biobeads
PB,-PEO, 11 NA 034 Hemolysin Calcein X 1:33,000 \% MAq and dialysis  Cargo release — Color change  [61]
PB,-PEO,, 1.8 117 0.28 AQPO H,O ND  2:1-1:300 P MAq and dialysis [8]
PB,-PEO,, 22 1.09 039 AqpZ H,O X 1:15-1:200 A% MAgq and dialysis  Vesicle size change [59]
PB,-PEO,, 22 109 0.39 SoPIP2;1 H,O — 1:15-1:200 \% MAq and dialysis  Vesicle size change [59]
PB,-PEO,, 23 1.00 025 AQP10 H,O —  1:990 A% PFR and SE Vesicle size change —
PB,-PEO, 25 1.09 019 AqpZ H,O — 1:15 \Y MAq and dialysis  Vesicle size change [59]
PB,-PEO,, 25 109 0.19 SoPIP2;1 H,O — 1:15 \Y MAq and dialysis  Vesicle size change [59]
PB,-PEO,, 37 103 031 AQPO H,O X 1:600 \Y PFR and SE Vesicle size change [62]
PB,-PEO,, 38 1.04 028 AqpZ H,O — 1:50, 1:100, \% MAq and dialysis  Vesicle size change [59]
1:200
PB,-PEO,, 39 100 030 AQPO H,O — 1:580 \% PFR and SE Vesicle size change —
PB52-PEO29 4.1 <1.1  0.25 Hemolysin e X NA p MAq Current change [64]
PB52-PEO29 4.1 <1.1  0.25 PolymyxinB X NA P MAq Current change [65]
PB52- 41 <11 0.25 Hemolysin e X NA P MAq Current change [64]
PEO29-LA
PB52- 41 <11 025 PolymyxinB X NA P MAq Current change [65]
PEO29-LA
PB92-PEO78 84 1.08 0.34 AQPO H,O — 1:270 PFR and SE Vesicle size change —
PB125- 89 <11 0.28 Alamethicin Calcein — 1:2-1:8 MAq Cargo release — Color change  [66]
PEOS80
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Polymer M,Z PDI f Membrane Transport Cargo  FI mPAR Incorporation Main functional incorporation References
protein method measurement

PHEMA25- 143 130 0.83 AqpZ — NA MAq and Current change [67]

PBMAZ25- biobeads

PHEMAZ25

PHEMA25- 143 130 0.83 Hemolysin X NA MAq Current change [67]

PBMA25-

PHEMA25

PHEMA25- 143 130 0.83 OmpF — 1:70 MAq and Current change [67]

PBMA25- biobeads

PHEMA25

PEE37- 39 <11 0.39 Alamethicin Calcein X 1:2-1:8 MAq Cargo release — Color change  [66]

PEO40

PPO34- 6.5 130 0.66 Strepatividin- ND 1.5, 1:15, 1:50 PPFR [68]

PGM14 BSA

PI93-PEO87 10.2 1.00 0.31 FhuA TMB X 1:6700, MOr, SI, and SEC  Cargo — Encapsulated enzyme [63]

1:5,300,000 activity — Color change

PEO136- 80 186 090 Cecropin A Calcein X 1:30 MAq and SEC Cargo release — Color change  [69]

PIB18-

PEO136

P4AMVP21- 13.1 NA 0.80 PR X 1:10 MAgq and Absorbance change in [70]

PS26- precipitation membrane protein

PAMVP21

P4MVP21- 143 119 0.74 PR X 1:10 MAq and Absorbance change in [70]

PS38- precipitation membrane protein

PAMVP21

P4AMVP29- 187 NA 0.78 PR X 1:10 MAq and Absorbance change in [70]

PS42- precipitation membrane protein

P4AMVP29

PAMVP22- 150 NA 092 PR ND 1:10 MAq and [71]

PB28- precipitation

PAMVP22
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Polymer M, PDI f Membrane Transport Cargo FI  mPAR Incorporation Main functional incorporation References
protein method measurement

P4MVP22- 150 NA 092 RC e X 1:25 MAq and Cargo — Reduction of [72]

PB28- precipitation MP — EPR signal

P4MVP22

P4VP22- 71 NA 082 PR ND 1:10 MAq and [71]

PB28- precipitation

P4vP22

P4MVP29- 174 1.08 0.81 RC e X 1:25 MAq and Cargo — Reduction of [72]

PB56- precipitation MP — EPR signal

P4MVP29

P4MVP18- 139 1.06 0.62 PR ND 1:10 MAq and [71]

PB93- precipitation

P4MVP18

Table 1. Overview of studies of membrane protein incorporation into amphiphilic block copolymers. Most studies are done with the porn OmpF, followed by AqpZ.
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Figure 3. Summary of key parameters for membrane protein inclusion into amphiphilic block copolymers [81].

self-assembled morphology either planar or vesicular, PDI value of the polymer (rather
than of the polymersomes), mPAR value, incorporation methodology, and if the incor-
poration process was functional, dysfunctional, or otherwise not measured. In instances
where there are multiple sketches available in the box, then a variety of experimental
runs have been conducted on the specific polymer example. Two crossing circles and
two close lines, respectively, indicate that two different mPARs were researched under
the same maintained circumstances. A dynamic with three crossing circles designates
that three mPARs or more were examined. Whenever a parameter other than mPAR is
investigated, such as incorporation method, incorporated membrane protein, or polymer
chemistry, there is a new sketch available. In most cases, polymers that can engage in the
process of functional incorporation require an f value somewhere between 0.2 and 0.35,
and M, value in the range of 2 and 12 kg/mol. In comparison to PB-PEO, PMOXA-PDMS-
PMOXA has a significantly broader PDI [81] range, since its bilayer is water impermeable
[7] and generally does not collapse in its dried form [82]. On the other hand, PB-PEO is
noticeably more lipid-like because of its capacity to collapse easier and its greater water
permeability potential [8]. Research suggests that these polymers that could not attain
functional AQP incorporation are mostly PB-PEO polymers featuring small M, and PDI
values. The energy generating proteins (BR, CcO, NADH reductase, ATPase, RC, PR)
and outer membrane proteins (OmpF, OmpG, FhuA, TsX) were integrated primarily into
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PMOXA-PDMS-PMOXA polymers. However, the outer membrane proteins have likewise
been integrated into somewhat more exotic chemistries occurring in an f range where
there is no expectation to locate vesicular structures. The vast majority of the experimental
trials on functional incorporation were conducted with vesicular structures and with the
mixing processes occurring in aqueous phase. In fact, most experimental cases at smaller
PDI parameters showed that no functional membrane proteins could be integrated. This
particular dynamic is in agreement with the research data released by Pata et al. [10].
Various types of mPARs have been actively implemented, only to arrive at the fact that no
optimal ratios can be identified. Nevertheless, mPARs are grounded on the nominal or ini-
tial concentration values of polymers and membrane proteins, where the final mPAR data
after the incorporation is completed may vary [83]. The section to follow will examine a
number of approaches to quantifying membrane proteins, with particular focus on AQPs,
and after the overview of the incorporation process.

2. Evaluation of AQP incorporation characterization methodologies

The process of identifying examples of functional AQPs incorporation may strike as poten-
tially quite challenging, since the permeating solute is composed of neutral water molecules.
The protein-mediated type of transport when it comes to neutral molecules, and specifically
at the single protein levels, is consistently more difficult to assess than the transport param-
eters of charged molecules, such as ions or protons or in cases of specific chemical reactions,
including the ATPase enzyme activity. While the deuterated water labeling was suggested as
a measurement method using the Raman spectroscopy [84], researchers are concerned that
these approaches to measurement can be further complicated because the water transport
rate value in the AQP channel varies for deuterated water molecules when compared to the
normalized water molecule rate [85]. SFLS is a common methodology used for calculating the
functional integration. SFLS method relies on a dynamic where the proteopolymersomes are
vigorously combined with an osmotically active agent (NaCl or sucrose) within a specifically
defined amount of volume. If a hyperosmotic shock occurs, the proteopolymersomes will
become smaller in size and this in turn will facilitate light scattering to increase. Once the
content of incorporated AQPs is augmented, the overall shrinking rate will likewise begin to
increase. Nonetheless, the SFLS approach is substantially influenced by the quality, or size
distribution potential, of the polymersomes, the concentration of the osmolytes, and the AQP
concentration within the polymersomes [35]. In theory, a visually based measurement can be
accomplished using the freeze-fracture transmission electron microscopy (FF-TEM), however,
the FF-TEM will not be able to provide sufficient data on the functional aspects. During the
FF-TEM assessment, the proteopolymersomes are caught in their original shape with the aid
of the quick-freezing process. After the proteopolymersomes are collected, the frozen sample
is then fractured in such as manner that the fracture plane is located alongside the proteo-
polymersome bilayer, since this section is the most vulnerable point in the entire system. The
experimental samples with integrated AQPs, or the cavities in which the AQPs were inserted
within the bilayer, are subsequently exposed to the carbon/metal coating process. The replica
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formed during this procedure is then detached from the thawed out sample. As a result, the
AQPs and cavities can be viewed and examined on the formed replica in the shape of separate
spots on the proteopolymersomes content.

Alternative methodology available is the fluorescence correlation spectroscopy (FCS) pro-
cess of the fluorescently labeled AQP. The FCS is based on the time-dependent fluctuations
of fluorescence intensities within a defined microscopic space, otherwise known as the con-
focal volume, which are carefully observed and then exposed to autocorrelation function
process. The specific number of particles within the confocal volume at given time interval
can be calculated, however it depends on the diffusion times of particles spreading through
the confocal volume. After the proper proteopolymersomes or proteoliposomes monitor-
ing process, they are solubilized to micelles and monitored once more so as to calculate
the proteins-per-vesicle-ratio, or the primary number of membrane proteins integrated into
the bilayer of a single vesicle. Within this experimental scenario, it is presupposed that the
micelles include only one AQP, and as a result the micelle-per-vesicle ratio is equivalent to
the proteins-per-vesicle-ratio value. Additional information on the methodology is provided
in Ref. [83]. On the other hand, it is possible to calculate the proteins-per-vesicle-ratio using
a correlation between the proteopolymersome solution data and the AQP stock solution
parameters.

In both of the outlined methodologies, the overall correlations of data have certain benefits
as well as challenges, and these are outlined in greater detail in the FCS subsection. Small-
angle X-ray scattering (SAXS) capacity to characterize the biological materials makes it an
adaptive toolkit when it comes to particle structure. For instance, it can supply structural
data about particles in a solution on a long-scale from 1 to 100 nm, and where the collected
data is shown using scattering intensity values as a function of the magnitude parameter of
the scattering vector 4. The identified quantity is not dependent on experimental set-up’s
particular geometry and is linked directly to the scattering angle 20 as g = 4m sin (0)/A,
where A is the wavelength value of the X-ray beam. The two scattering points that are
separated by a distance d within a particle lead to an interference change that is signified
by the scattering curve’s increased intensity at g = 27t/d. The change in values implies that
the larger sized features are probed at low g values and the smaller sized details are probed
in the high-g region of the observed curves. Both the contrast and the strength with which
a particle scatters is directly proportional to the particle’s excess electron density, that is,
the differentiation between the solvent used and the sample’s electron density values. One
of the SAXS issues is that this method demands access to extensive synchrotron radiation
sources.

The upcoming section is an overview of SFLS, FF-TEM, FCS, and SAXS analyses featuring
a variety of diblock copolymers containing optimal M and f range values for functional
membrane protein integration processes, including PB29-PEO16, PB45-PEO14, PB33-
PEO18, PB46-PEO32, PB92-PEO78, and PB43-PEO32. The PB-PEO was selected due to it
functional AQP incorporation potential as reviewed earlier and the M and f range values
that are simpler to manage in comparison to those of PMOXA-PDMS-PMOXA. For SFLS,
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SAXS, and FF-TEM, the AqpZ is applied as the integrated membrane protein, while the
GFP-tagged human aquaglyceroporin AQP10 is used as part of the FCS experimental
runs. The data relevant to these types of incorporation are listed in the supplemental
material.

2.1. Stopped-flow light scattering

An illustration of the SFLS and its analysis, the information about PB45-PEO14 and PB33-
PEO18 diblock copolymer proteo- and polymersomes, specifically with or without AqpZ,
is outlined in Figure 4. In the case of PB33-PEO1S, the rate constant value related to the
augmentation of the light scattering intensity was somewhat greater when using AqpZ,
while for PB45-PEO14, the rate it was even smaller. Such a dynamic demonstrates one of the
major issues that exist with respect to the SFLS application. The distinct lack of substantial
response to the alterations in extra vesicular osmolarity can be caused by the growth in the
bilayer bending modulus caused by the existence of ApqZ, either blocked or non-functional.
Analogous concerns have been noted in previous experimental runs using AqpZ as well
as SoPIP2, and where only polymers of the smallest size (PB12-PEO10 and PB22-PEO23)
showed a considerable change in SFLS between proteo- and polymersomes (the results are
not shown). Additional explanation for the analogous SFLS signal could be found in the
blockage of AqpZ channels with PEO chains. In this type of blockage, the AqpZ are situated
directly in the bilayer and act as an impermeable hydrophobic blockage. Research conducted
by Kumar et al. [8] indicates that this blockage dynamic is caused by the water permeation
that is actively blocked by the sections corresponding to the integrated AqpZ, and where the
proteopolymersomes’ lower permeability values can be expected, if compared to the values
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Figure 4. Normalized light scattering versus time for proteo- and polymersomes of PB45-PEO14 and PB33-PEO18, at an
mPAR of 1:100. For PB45-PEO14 the apparent water permeability value is slightly lower for the proteopolymersomes
versus polymersomes, while for PB33-PEO18 it is slightly increased [8].
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occurring when using polymersomes. Alternatively, the incorporated AqpZ may continue
being fully functional, while the polymer matrix remains resistant to various changes in
volume parameters. These phenomena effectually undermine the idea that SFLS is not a
stand-alone type of technique.

2.2. Freeze-fracture transmission electron microscopy

The summary of research data on FF-TEM for PB45-PEO14 proteopolymersomes is shown
in Figure 5. Specifically, proteopolymersomes featuring an mPAR of 1:100 were created with
the help of film rehydration (FR) approach, where they are frozen and then fractured in a
Leica MED20 station. In the next step, the two planchets of the frozen sample are carefully
separated, causing an intentional fracture that simulates something like a “crack” rather than
a “cut” shape, which in turn lowers the smearing effects from the conventional FF procedures
(for additional details refer to relevant supporting information). It is likely that because of the
collapsed PB chains, all proteo- and polymersomes featured a distinguishable surface similar
to a raspberry. In fact, the “typically” present spots that studies on proteoliposomes are usu-
ally associating with AQP [86] were not found. Figure 5 outlines the bubble-like spots and
their equal distribution among the polymersomes (Figure 5a—d) and proteopolymersomes
(b, ¢, e, f). These bubble resembling spots may be PB chain accumulations (Figure 5a—c), or
alternatively, phenomena produced by inferior fracturing (d—f) quality. Similar behavior was
seen in proteo- and polymersomes in other PB-PEO polymers at different M and f values. The
results collected during these experiments seem to indicate that FF-TEM sample preparation

Figure 5. FF-TEM images of PB45-PEO14 proteosomes (b,c,e,f) and polymersomes (a,d). All vesicles showed spots that
are potentially not from AqpZ, but instead from the collapsed PB chains (a—c) or failed fracturing phenomena (d—f). Scale
bar is 100 nm [86].
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process plays a significant role when it comes to false positive results. Dots were sporadically
observed all over the samples, and since these spots were not AqpZ they could be polymer
micelles. The observed spots could be removed whenever an augmented concentration step
was omitted and the temperature was carefully controlled, after which the sample and cutting
handling or metal coating parameters where managed (optimization protocol is provided in
the supplementary information section). The existence of AqpZ could not be confirmed, even
with polymers that have the shortest PB chains, such as PB45-PEO14 and PB32-PEO30. On the
other hand, these experimental runs in themselves cannot reject the potential possibility that
AqpZ tetramers could be present, since the hydrophilic PEO chains are comparatively large
with respect to lipid head groups. As a consequence, some of the AqpZ may be hidden within
the PB core structure.

2.3. Fluorescence correlation spectroscopy

FF-TEM and SFLS can result in several issues when applied as tools for potential evaluation of
protein incorporation into polymersomes. As an alternative, FCS was examined as a possible
method for collecting relevant quantitative data about the AQP incorporation process. The
turn to FCS as a method was motivated by a recent Erbakan et al. research study published
on the subject. In this paper, Erbakan et al. examine a range of AqpZ isoforms that are tagged
with fluorophore in proteoliposomes, and where the protein-per-vesicle ratio was calculated
and then validated with the help of SFLS [83]. One of the first steps to making this meth-
odology more applicable is attempting to replicate Erbakan et al. and their proteoliposome
experiments outlined in Ref. [83]. During an experimental run at an mPAR of 1:200, the mea-
surements showed a proteins-per-vesicle-ratio of 5.35, a value comparable to the data found
by Erbakan ef al. at around 7.5. The variance in values could be created by the different AQP
and the type of tagged fluorophore applied. Once the FCS instrument values for proteopoly-
mersomes were optimized (further details available in the supporting information), FCS was
implemented on the proteopolymersomes of PB45-PEO14 (mPAR 1:100), with AQP10- green
fluorescent protein (GFP), and featuring OG-solubilized protein micelles. The data results
from this application are outlined in Figure 6. In this case, a greater species number was
achieved in the proteopolymersomes test sample than in the sample of protein micelle. This
discrepancy in species number may be caused by to the same type of OG-induced accumula-
tion. Greater autocorrelation signal value suggests a smaller number of particles in the confo-
cal volume because of the slower diffusion time during the process. In this research attempt
to simulate results obtained by Erbakan et al., proteopolymersomes were also compared to the
AQP10-GFP stock available. Researches Erbakan et al. were not able to do such a run, since the
fluorophore applied (specifically, mBanana fluorescent protein) displayed a reduced fluores-
cence lifetime within pure OG environment (stock solution) when matched to the lipid/OG
environment of solubilized protein micelles. On the other hand, GFP did not appear to change
fluorescence lifetime values substantially even though AQP10-GFP was in OG (1.8 ns) and
polymer/OG environmental parameters (1.97 ns, Figure 6b). These are similar to fluorophore
implemented by Erbakan et al. (4 ns [83]) as part of the experiment and to the standardized
GEFP fluorescence lifetime values (3 ns). The variance in terms of the research project’'s GFP
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Figure 6. (a) Correlation diagram of proteopolymersomes and AQP10-GFP stock solution as a function of correlation
time value 7 against autocorrelation function G(7). (b) Fluorescence lifetimes of the same batch of samples as a function
of lifetime against intensity signal. In the instances where the intensities varied, the fluorescence lifetime was in a
comparable range [83].

fluorescence lifetime values and the standardized data may be due to the shielding of the
attached AQP10 and the OG environment, in addition to the possible influence of the instru-
ment’s fitting algorithm.



Interactions between Aquaporin Proteins and Block Copolymer Matrixes
http://dx.doi.org/10.5772/intechopen.71723

Research conducted suggests that the example correlation relies on the sole constituent of
the system. For instance, when it comes to sensitive fluorophores, it is more important to
comparatively analyze the AQP vesicles with the AQP micelles so as limit the potential
impact on the fluorophore environment. With polymers, including the protein matrix, it is
more advantageous to relate the AQP-fluorophore stock solution since the polymeric AQP
micelles are capable of aggregating more easily. The difficulty caused by the correlation of
AQP vesicles with AQP-fluorophore stock is that the resulting concentration value of AQP
remains undetermined, and this seriously obscures the potential correlation with analo-
gous AQP concentrations. Based on the species amount of pure AQP10-GFP in the confocal
volume stock and the quantity from the proteopolymersome solution (Figure 6a), the pro-
teins-per-vesicle-ratio was calculated as 2.87. The data obtained during these experimental
runs show that FCS can in fact be applied as a dependable method for calculating AQPs in
proteopolymersomes. This in turn invites a new opportunity for conducting a methodical
research study where f and M, are differentiated so as to locate relevant quantitative data
about the wide range of polymers that can help obtain the highest proteins-per-vesicle-ratio
values.

2.4. Small-angle X-ray scattering

Figure 7 showcases the scattering curves for FR prepared proteo- and polymersomes for PB33-
PEO18 and PB45-PEO14. These examples went through a process of extruding and centrifug-
ing before the actual measurements were taken. The typical linear slope was detected at low
g values in the log-log plot, and featuring intensity that reflects the g — 2 power law. This type
of response is characteristic in flat laminar structures. The extension of the slope far below the
smallest detectable g-region indicates that there is a low curvature, or flat arrangement, even
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Figure 7. SAXS information for proteo- and polymersomes of (a) PB45-PEO14, and (b) PB33-PEO18 [83].
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when it comes to the highest measurable length scale value of g=27/0.1 nm = 60 nm™. A typical
oscillatory behavior occurs at higher g values, and could be caused by the problematic interfer-
ence happening between positive contrast of PEO and negative contrast of PB. Figure 7 shows
that the fits were acquired with the help of a vesicle model involving three concentric spherical
shells. In order to properly fit the PB33-PEO18 polymersomes, an additional contribution from
block-copolymer micelles was necessary.

In cases focusing on the theoretical scattering in assorted straightforward geometrical objects,
including spheres, ellipsoids, and cylinders of different contrast, the scattering values can be
carefully calculated with relative ease. In fact, this data can be collected so as to form simpli-
fied models of the particles being studied. In this research model, the data were examined
with the aid on a vesicle model based on three concentric spherical shells featuring inter-
changing contrast values and matched to shells of PEO, PB, and PEO. The thickness values
varied in each individual shell so as to ensure the data fit and accuracy through the applica-
tion of the least squares fitting routine. Exceptionally good fit correlations were found for the
PB45-PEO14-system, further suggesting that the research data were in excellent agreement
with the theoretical presupposition that diblock copolymers could form spherical vesicle
structures. The correlated fits were shown to be especially sensitive to fluctuations in the
factors that affect the central hydrophobic bilayer thickness founded using the PB-groups.
These values were found to be in the ranges of 9.10 + 0.1 and 8.94 + 0.07 nm in the cases
where AqpZ was either present or absent, respectively. With regards to the overall vesicle
diameter value, the model suggests that it is greater than 60 nm, a result that aligns well with
the initial analysis of the system. The collected data reflects that the fit parameters defining
bilayer vesicles are created and that the inclusion of AqpZ incites very slight changes in the
vesicles’ structure.

In the case of the PB33-PEO18 proteopolymersomes, sufficiently suitable fits were obtained
with the vesicle model based on a hydrophobic bilayer with the thickness values of
7.66 = 0.05 nm. On the other hand, for experimental runs with polymersomes, there were
no adequate fit options for the data that would ensure realistic physical parameters. In
fact, for the data to fit the experimental approach needed to assume that the vesicles could
coexist with a population of block copolymer micelles. The combined model fit parameters
suggested that 76 wt% of the population was comprised of proteopolymersomes, and that
24 wt% were micelles with hydrophobic cores of diameter 11.7 + 0.3 nm, thus showing a
relatively good fit with the data overall. The Figure 7 insert outlines the separate micelle and
vesicle contributions.

To sum up, the SAXS inquiry exposes that in the case of for PB45-PEO14 the vesicles are
created both with, as well as without, the AQP, where the AQP incorporation leads to a
small variance in the average hydrophobic vesicle wall thickness value, and can imply a
polymer puckering and dimpling near the integrated AQPs. For the PB33-PEO18 experi-
mental runs, some micelle creation was seen, but this formation becomes lower once
the AQP is successfully integrated. To sum up, this chapter examines the research that
explored the characterization methods used for the functional integration of AQPs in
PB-PEO diblock copolymers. The research results obtained suggest that both FF-TEM and
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SFLS are in theory effective methods, however, when it comes to polymer systems the

critical analysis of findings can provide ambiguous data that makes it problematic for
applications. Alternatively, SAXS and FCS have been evaluated as capable of producing
relevant information, with SAXS relying on access to large-scale facilities that can sustain
synchrotron radiation resources.
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