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ABSTRACT

The ability to manipulate artificial nanosystems is still one of the current challenges in devel-
oping multifunctional nanomaterials. Those based on the photochromic effect are particularly
interesting because of structural and functional control by the transient activation/inactivation
with high spatiotemporal resolution. To mimic the photocontrol of natural nanosystems, we
developed the first photochromic polymersomes from the novel poly(ethylene-alt-maleic an-
hydride)-random-aminoazobenzene copolymer (PEMA-r-AAB) and its derivatives. Ultravi-
olet (UV)-triggered azobenzene (AZO) moieties' medium-dependent isomerization from
non-polar trans- to polar cis-AZO controls polymersome's bilayer selective permeability. As
a result, small hydrophilic molecules loaded inside polymersomes can be released according
to the release profiles, while those outside the polymersome bilayer can eventually penetrate

it. Remarkably, as a new look, cargo photorelease from the nanopolymersomes was studied

1 Abbreviation: b-DAbs: biotinylated detection antibodies; CAbs: capture antibodies; DS: degree of substitution; Fc-
Veema-aas: ferrocene-loaded Veema-aas; HRP: horseradish peroxidase; HRP-Vpema-aas: horseradish peroxidase -loaded
Veema-aaB; MB-Veema-aas: Methylene blue-loaded Veema-aas; p-AAB: 4-aminoazobenzene; PEMA: poly(ethylene-alt-
maleic anhydride); PEMA-r-AAB: random copolymer synthesized from PEMA and p-AAB; PEMA-r-AAB-r-biotin,
ran- dom copolymer synthesized from PEMA, p-AAB and biotin; polyHRP20—VpEMA-AAB-biotin—MB: VpEMA-AAB-biotin—
magnetic beads conjugate with strep-polyHRP20; Pt@SC NPs: nanoparticles of platinum stabilized with sodium citrate;
Pt-Veema- aas: platinum nanoparticle-loaded Veema-aas; Veema-aas: polymersomes self-assembly from PEMA-r-AAB;
VPEMA-AAB- biotin: polymersomes self-assembly from PEMA-r-AAB-r-biotin.
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in real-time by cyclic voltammetry (CV). Finally, as a proof-of-concept, horseradish peroxi-
dase (HRP)-loaded polymersomes were assembled as an intelligent labeling system of an
optical biosensor of interleukin-6 (IL-6). This synthesis route can be exploited with other
photo-switching AZO derivatives, paving the way toward new AZO compound-based

nanocarrier systems.

KEYWORDS: AZO compounds * Photochromism * Real-time cyclic voltammetry studies ¢

Smart labeling system ¢ Smart polymersome ¢ UV-induced medium-dependent cargo release

1. Introduction

The ability to manipulate and control artificial nanosystems is a big challenge in nanotech-
nology and nanomedicine. In this context, the construction of manipulable and programma-
ble artificial smart nanosystems requires the incorporation of stimuli-responsive moieties [1],
for example, that enable their non-invasive spatiotemporal photochemical control [2-5]. The
most well-studied and versatile method of photochemical control at the nanoscale is intro-
ducing photochromism into artificial nanosystems [6]. Photochromism is the photoinduced
reversible chemical transformation of chemical species between two states [7,8]. Photo-
chromism drives (nano)systems out-of-original state when photostimulated while returning
to their original state when removing or changing the photostimulation source. It expands
their potential to dynamic, reusable, and reprogrammable nanosystems. The photogenerated
chemical species can be reversed to the initial species by either thermal relaxation or irradi-
ation with ultraviolet (UV) or visible (vis) light [8].

Synthetic organic photochromes are attractive due to their capacity to switch in response to
light stimulation. Particularly, AZO-derivative molecules incorporated into various nanosys-
tems have shown a wide range of potential uses [9-11]. In general, irradiation of AZO deriv-
atives with UV light induces the geometric isomerization around the N=N double bond, con-
verting trans- to cis-isomer. Significant changes in structural geometry, dipole moment, and
absorption spectra typically accompany these two states' interconversion. While trans-AZO
has a planar structure of 9 A length with nearly zero dipole moment, cis-AZO is less flat (6
A length) and has a more significant dipole moment (3 D) [12—14]. Depending on the AZO-

based nanosystem architecture, the photoinduced chemical transformation at the molecular
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scale can eventually originate a series of macroscopic effects, including the collective rear-
rangement of the AZO moieties and the structural reconfiguration of the hosting nanosystem

at increasing spatial scales [14].

Among different types of artificial nanosystems, polymersomes can encapsulate active hy-
drophilic and hydrophobic cargoes in their aqueous core and hydrophobic bilayer membrane,
thus offering great structural and functional versatility [4,15,16]. Based on the geometry and
dipole moment differences between trans- and cis-isomers, polymersomes self-assembled
from AZO-based copolymers exhibit photoresponse disassembly, re-assembly, or other mor-
phological changes [17,18]. According to the structural reconfiguration of AZO-based poly-
mersomes that occurred by photostimulation, the ongoing cargo monitoring could offer ad-
ditional information about the release process. Electrochemical measurements are desirable
in this context because electrical signals can be easily generated during stimulus-induced
cargo release without needing robust, specialized, and complex equipment. Therefore, it of-
fers an attractive alternative to spectrophotometry, fluorescence, or High-Performance Liquid
Chromatography (HPLC) detection. For example, electrochemical assays have continuously
monitored cargo release from lipid-based and electroresponsive drug delivery systems
(DDSs) [19-23]. Other works have integrated electrochemical systems into studying stable
films' photochemical properties and pH sensitivity [24]. However, no work has reported their

application to study the in situ light-induced cargo release.

This work faces two significant challenges in developing multifunctional photosensitive pol-
ymersomes. The first focused on the rapid and easy obtention of photosensitive copolymers
and their self-assembly in highly dispersed polymersomes, and the second on the real-time
electrochemical study of photorelease. Therefore, it develops well-defined photosensitive
polymersomes self-assembled from two novel AZO-based photochromic amphiphilic ran-
dom copolymers by nanoprecipitation. PEMA-r-AAB and PEMA-r-AAB-r-biotin copoly-
mers were synthesized by the one-step nucleophilic substitution of amine-containing hydro-
phobic (4-aminoazobenzene, p-AAB) and hydrophilic (amine-PEG3-biotin, biotin) moieties
onto a poly(ethylene-alt-maleic anhydride) (PEMA) backbone like the incorporation of
amine-containing azo dyes onto copolymers featuring cyclic anhydride functionality [25,26].

To our knowledge, PEMA has not been modified with photosensitive hydrophobic molecules
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to obtain amphiphilic photosensitive random copolymers. Besides, AZO-based random co-

polymers have been less used to self-assemble polymersomes than conventional block co-

polymers because their dispersity in molecular weight usually leads to polydisperse assem-

bled structures [17]. Therefore, this work demonstrates the self-assembly of well-organized

nanopolymersomes from highly dispersed PEMA-r-AAB and PEMA-r-AAB-r-biotin copol-

ymers. The AZO moieties' medium-dependent photochemical trans-to-cis isomerization

worked as molecular switches to change polymersomes' bilayer permeability and selectively

control hydrophilic cargo uptake and release (Scheme 1).

In a novel way, UV-induced cargo release was studied in real time using cyclic voltammetry

(CV). Finally, as a proof-of-concept motivated by polymersome capabilities in analytical sci-

ences, this work also reports on assembling horseradish peroxide (HRP)-loaded smart poly-

mersomes as a novel labeling system in the optical biosensing of interleukin-6 (IL-6), study-

ing the determinant factors affecting their successful incorporation into an enhanced im-

munosorbent-like assay.
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Scheme 1. Photosensitive polymersomes as versatile smart nanocarriers. Photochromic poly-
mersomes self-assembled from the novel AZO-based copolymers, PEMA-r-AAB and PEMA-r-
AAB-r-biotin with selective permeability for off-on site-specific cargo delivery applications. The
ability of AZO moieties to isomerize from a nonpolar trans- to polar cis-AZO upon UV irradiation

controls the polymersome's bilayer permeability.

2. Materials and Methods
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The detailed procedure for amphiphilic photosensitive random copolymers synthesis, stabil-
ity tests, UV-induced polymersomes behavior, hydrophobic and hydrophilic cargo encapsu-
lation, UV-induced cargo release, and assembly of sandwich-type immunoassay is described
in the supporting information (SI). In addition, the reagents and solutions used in all the tests

are also in the SI.

3. Results and discussion

3.1. Amphiphilic photosensitive random copolymers: design and synthesis

The designed AZO-based copolymers were synthesized by the one-step nucleophilic substi-
tution of amine-containing molecules in the PEMA backbone (Scheme S1), thanks to the few
unique features of PEMA and their counterparts [27]. First, PEMA is highly reactive due to
its two structural units, i.e., succinic anhydride and ethylene. While succinic anhydride is per
se, highly reactive via nucleophilic substitution [28], ethylene groups between neighboring
anhydride rings minimize steric restraints and boost cyclic anhydride reactivity. As a result,
coupling agents are not required, simplifying the purification process and increasing reaction
efficiency by up to 100 %. Second, the availability of several succinic anhydrides per poly-
mer chain allows the chemical linkage of multiple side moieties with different chemical func-

tionalities.

Herein, we synthesized PEMA-r-AAB and PEMA-r-AAB-r-biotin copolymers by modifica-
tion of PEMA with p-AAB as photoswitchable and hydrophobic moieties and biotin as a
streptavidin-binding ligand and hydrophilic moieties (Scheme S1). These modifications were
confirmed by 'H-NMR (Figure S1) and FTIR (Figure S2) [28-30]. The degree of substitution
(DS) of p-AAB moieties in PEMA-r-AAB and PEMA-r-AAB-r-biotin was calculated based
on the ratio of the integrated areas of aromatic protons to ethylene protons on the copolymer
backbone. It was possible because the proton nuclear magnetic resonance (‘H-NMR) spec-
trum of PEMA (Figure S1C) demonstrated that the ethylene-to-succinic anhydride ratio is
approximately 1:1. The DS of p-AAB was 53.5 % and 48.1 % for PEMA-r-AAB and PEMA-
r-AAB-r-biotin, respectively, indicating that about half of the anhydride groups on PEMA
were substituted with p-AAB. The low reaction efficiency is associated with the nucleophilic-

ity of the p-AAB compound. Its protonated resonance structure forms a non-nucleophilic
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ammonium compound. Besides, after the substitution reaction, ammonium p-AAB can sta-
bilize the resultant conjugate base (carboxylate) via electrostatic interactions. The DS of bi-
otin in PEMA-r-AAB-r-biotin was 3.8 %. Therefore, p-AAB and biotin randomly reacted
with succinic anhydride units to produce ethyl-(N-(p-AAB)-succinamic acid), ethyl-(N-(bi-
otin)-succinamic acid), and ethyl-(succinic acid) units. Each of these structural units is ran-
domly distributed along the polymeric backbone, resulting in polydisperse copolymers, both

in the molecular weight and density of the side moieties.

These novel copolymers were thermally less stable than PEMA under an inert atmosphere
(Figures S3A-B, Table S1). PEMA displayed stability up to 250 °C. After this point, the deg-
radation of the cyclic anhydride and the residual PEMA backbone was responsible for two
thermal decomposition events [31]. The thermograms for PEMA-r-AAB and PEMA-r-AAB-
r-biotin revealed similar weight loss in three steps. The evolution of moisture is connected to
the initial step. The formation of carbon oxides (COx), the breakdown of side moieties, and
the remaining PEMA backbone may all contribute to the second and third stages of weight
loss [31].

3.2. Self-assembly of PEMA-r-AAB and PEMA-r-AAB-r-biotin polymersomes and sta-
bility studies

Polymersome or polymeric vesicles (V) of PEMA-r-AAB and PEMA-r-AAB-r-biotin were
successfully self-assembled by the simple nanoprecipitation method, named Vpema-aas and
VPEMA-AAB-biotin, TeSpectively. Dynamic light scattering (DLS) analysis of the PEMA-r-AAB
copolymer's assembly, shown in Figure 1A and Table 1, revealed the formation of low dis-
perse particles with monomodal size distribution and a smoothed single exponential decay
autocorrelation function with an optimal signal-to-noise ratio (Y-intercept > 0.9). From static
light scattering (SLS) analysis, the variation of scattered light intensity at different angles
(Guinier plot) was exploited to calculate the radius of gyration (Rg) of PEMA-r-AAB copol-
ymer's assembly (Figure 1B, the detail for the calculation of Ry is provided in the materials
and methods section). The R; of PEMA-r-AAB copolymer's assembly calculated by the SLS
data was 65.1 nm. The radius of gyration and the hydrodynamic radius (Rg/Ru) ratio was
further employed to analyze the morphology of the PEMA-r-AAB copolymer's assembly.
The Rg/Ry value for the PEMA-r-AAB copolymer's assembly was calculated to be Rg/Ry =
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1.0. It provided evidence of vesicular morphology of PEMA-r-AAB copolymer's assembly
(Vrema-aaB) [32,33]. This vesicular morphology was even further supported by microscopy
techniques. The effective self-assembly of PEMA-r-AAB into quasi-spheric nanoparticles
(NPs) of uniform size and the compact membrane was verified in the micrographs obtained
by negatively stained transmission electron microscopy (TEM) and bright field scanning
transmission electron microscopy (STEM) (Figures 1C and 3F, respectively). The average
diameter of Vpgma-aaB was 87 + 21 nm (n = 100) by TEM and 95 + 12 nm (n = 500) by bright
field STEM. The polymersome morphology was clearly evidenced in the zoomed-in version
of negatively stained TEM and transmission electron cryomicroscopy (Cryo-TEM), as shown
in Figures 1D-E. The average bilayer membrane thickness (Mave) of well-defined unilamellar
Vpema-aas calculated from TEM micrographs was 10.0 + 1.8 nm (n = 200, see Figure 3G-
H). This result indicates that substituting 53.5 % of the PEMA-r-AAB with p-AAB is enough

for its self-assembly into polymersomes.
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Figure 1. Self-assembly and structure of PEMA-r-AAB copolymer. A) Intensity-average Dy dis-
tribution, autocorrelation function and solution in cubete real picture, and B) Guinier plot of Vpgya-
aaB in H,O pH 4.0. C) Representative negative stained TEM micrograph (scale bar = 500 nm) of
Veema-aas in HO pH 4.0 with corresponding size distribution histograms as inset and D) zoomed-in
negative stained TEM micrograph from C. E) Representative Cryo-TEM micrograph (scale bar = 1
pm) and zoomed-in version of Vpgma-aas in H,O pH 4.0.



183  Electrophoretic light scattering (ELS) study of Vpema-aas proved a negative surface charge
184  with a {-potential of -65.68 + 0.18 mV at pH 4.0, related to the high amount of carboxylic
185 acid groups on the outermost surface of Vprma-aas (Table 1).
186  Table 1. Summary of hydrodynamic diameter (Dy), dispersity (P), and {-Potential values for
187  empty and loaded Vpema-aaB and Vpema-aaB-bioiin @5 determined by DLS and ELS analysis.
Polymersome (nm)[a] pll {-potential (mV)™
PEMA-AAB 1252+ 1.3 0.043 + 0.006 -65.68 £ 0.18
PEMA-AAB-biotin 100.6 £ 0.7 0.137 + 0.009 -66.36 £ 1.57
15%- V PEMA-AAB 131.5+£ 0.9 0.062 + 0.008 -55.37 £ 0.28
25%- VPEMA-AAB 765+ 14 0.062 + 0.008 -60.24 £ 0.28
MBs%-VrEmA-AAB 93.8+£0.9 0.224 + 0.009 -53.78 £ 2.31
MB10%-VpEMA-AAB 141.1+£1.2 0.125 + 0.007 -58.57 £ 0.92
Pt-Vpema-aaB 108.9 + 0.7 0.136 + 0.004 -60.67 £ 1.24
HRP-Vpema-aaB 132.7+ 1.6 0.092 + 0.017 -46.45 + 0.48
HRP-Vpema-AAB-biotin ~ 148.1 + 2.2 0.232 + 0.008 -51.06 £ 1.62
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[a] Dy and D values determined by DLS. [b] {-potential values determined by ELS. *All polymersomes were
dispersed in H,O pH 4.0.

After the polymersomes morphology was confirmed, we investigated their structural stabil-
ity, defined herein as their capacity to maintain the intensity-average hydrodynamic diameter
(Dn) distribution and morphology. First, we monitored the temperature-dependent Vpema-aaB
stability. The structural stability of Vpema-aas in HoO pH 4.0 was maintained over the tem-
perature range of 25-70 °C as confirmed by temperature-dependent Dy distributions in Fig-
ure 2A, exhibiting only a slight increase of about 8 nm at 70 °C, as the temperature does not
promote the geometric isomerization from trans-to- cis AZO moieties.

We assessed the impact of tuning the ion type and concentration on structural stability. Ac-
cording to Figure 2B, Vpema-aap was very stable in aqueous solutions (pH 4.0) containing up
to 1.0 M NaCl, KCI, or KNOs. Dy increased about 700 nm in response to an increase in the
external concentrations of NaCl and KCI (2.0 M) throughout a short period (< 5 min). A while

later, Vpema-aap disassembled into individual polymeric chains, and no DLS signals were
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registered. The Dy was unaffected by KNOs at the same concentration. Therefore, rather than
cations (i.e., potassium (K"), and sodium (Na")), the loss of structural stability is linked to
the high concentration of chloride ions (Cl"). We could speculate a plausible explanation
based on the Hofmeister effect, considering Cl~ competes with carboxylic acid groups on the
outermost surface of Vpema-aas to interact with water molecules. Even though the interaction
Vpema-aap—water is tight because of the charge density per unit area on Vppma-aag, the sur-
rounding water molecules' hydrogen bonds (bulk surface) are weakened and broken in excess
of CI, causing the remaining water molecules to reorganize [34]. As a result, water molecules
rearrange in the hydration layers of the Cl— [35]. The solvation layer of Vpgma-aaB is conse-
quently less hydrated due to the weaker interaction of the transition water layer with the third
water layer (bulk surface). When solvation is lost, non-covalent interactions in the bilayer are
insufficient to keep the structure intact, and Vpema-aap quickly disassembles, leading to a
salting-out behavior. Instead, nitrate ions (NO3") do not disturb the interaction between the
transition and solvation layers of Vpema-aas because of their high volume, intense polariza-
tion, and weakly hydrated nature. This anion exhibits a salting-in behavior solubilizing

VPEMA-AAB.

Up to this point, the capacity of negative ions to induce structural instability follows the order
of the Hofmeister series as ClI” > NO3". According to this series, NO3 is classified as a cha-
otropic anion, while Cl™ is the borderline between kosmotropic/chaotropic anions [34].
Herein, they acted mainly as a kosmotropic anion, so we evaluated the effect of the buffer
pH and ionic strength of two kosmotropic anions (citrate and phosphate) on Vpgma-aag struc-
tural stability (Figure 2C). Even with increased salt concentration, Vprma-aas dispersed in
sodium citrate buffer (SC) was as stable at pH 4.0 as in the water. However, at pH 5.5, Vpema-
aaB swelled to large particles with an average Dy of 220 nm in 0.01 and 0.1 M SC. In 1X
phosphate-buffered (PB, 0.01 M phosphate) and 1X phosphate-buffered saline (PBS, 0.137
M NaCl, 0.0027 M KCl, and 0.01 M phosphate), the distribution shifted from monomodal to
bimodal, with a population of approximately the same initial size, while others shrank to
smaller particles. Independently of the buffer, the bimodal distribution was also seen at pH
7.4. 1t is notable from Figure 2C that Vpema-aaB was sensitive to the medium used to stabilize

the pH, with two opposite behaviors, swelling and shrinking.
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To explain the swelling process, we considered the Vpema-aa polyacid macrostructures al-
tered by ionization at various pH levels [15,36]. According to the pka values, the carboxylic
acid groups on the outermost surface of Vprma-aap gradually dissociate as the dispersion's
pH grows. Subsequently, the hydrogen bonds among the groups on the polymersomes' sur-
face decrease, and the negative charge increases, enhancing electrostatic repulsion among the
polymeric chains and the hydrophilicity of the outer corona [15,36]. These events led to the

Vrema-aas swelling, which was only observed when the pH increased from 4.0 to 5.5 in SC.
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Figure 2. Stability tests of Vppma-aas measured by DLS and SLS. Intensity-average Dy distribution
recorded for the aqueous dispersion of Vpema-aag at varying A) temperatures, B) ionic strength and
salt type (pH 4.0), and C) combinations of pH, ionic strength, and salt type. *All DLS measurements
were taken immediately after preparing samples (Figures A, B, C), except for 1X PB pH 5.5 (Figure
2C short dot intensity-average Dy distribution was measured after 20 min of sample preparation).
Guinier plot of Vpema-aag dispersed in D) 0.1 M SC pH 4.0 and E) 1X PBS pH 7.4. F) Evolution in
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the time of the Dy and P of Veema-aas in H,O pH 4.0 (), 0.1 M SC pH 4.0 (2), and 1X PBS pH 7.4
(@)

The effect of the kosmotropic anion must also be considered in the swelling process. When
the pH rises, the citrate's degree of ionization varies depending on its pKa values, which may
modify the interactions between citrate—water and Vppma-aa—water, contributing to the
Vrpema-aaB structural instability. Be aware that at the same pH where swelling occurred in
SC, Vpema-aap exhibited the opposite behavior in PB and PBS. When Vpgma-aas was dis-
persed in PB as opposed to PBS, it took longer for the size distribution change to reach equi-
librium. Thus, despite the low concentration of Cl’, it may be inferred that the Cl™ and phos-
phate ions in PBS have a synergistic impact that causes the size distribution to alter more
quickly. The driving force of shrinking would be osmotic pressure, caused by the salts incor-
porated into the Vpema-aag dispersion, pushing water out of the cavity and releasing the os-
motic energy through deflation [37,38]. The different interactions in the presence of phos-
phate ions should be a coexisting effecter. As predicted, the Kosmotropic properties of both
salts (citrate and phosphate) at different pH values resulted in structural instability of the
polymersomes. Based on these findings, we assessed the impact of the dispersing medium
on the morphological change of Vpema-aag dispersed in 0.1 M SC pH 4.0 and 1X PBS pH
7.4, considering the Rg/Ry ratio. For Vpema-aag dispersed in 0.1 M SC pH 4.0, the Ry and Rg
were 64.2 nm (Figure 2C) and 65.1 nm (Figure 2D), respectively, resulting in a 1.0 Rg/Ru
ratio. It suggests that Vpema-aap maintains its vesicular morphology in 0.1 M SC pH 4.0. In
contrast, Vpema-aag dispersed in 1X PBS pH 7.4 exhibited a bimodal size distribution (Figure
2C) with Ry values of 11.1 nm for the first size population and 55.0 nm for the second one.
As the Rg value was 56.2 nm (Figure 2E), the Rg/Ry ratio was >> 1.0 for the first size popu-
lation and 1.0 for the second one, indicating that the morphology of Vpema-aag is only par-

tially retained when dispersed in 1X PBS pH 7.4.

Therefore, we linked the loss of structural stability with (i) changes in the intensity-average
size distribution, observed as the swelling, shrinking, or disassembling of Vprma-aag, and (ii)
morphological changes. In agreement, many authors have reported salt- and pH-dependent
changes in the size distribution and shape of the polymersomes [37-40], e.g., ellipsoids,

tubes, discs, stomatocytes, and large compound vesicles. It is attributed to osmotic pressure;



276  water—water, ion—water, polymersomes' membrane—water and polymersomes' membrane—
277  ion interactions; and fusion processes, depending on the specific ion type [37,38].

278  Finally, we monitored the Dy and dispersity (D) of Vpema-aag over time for up to four weeks
279  in H O pH 4.0, 0.1 M SC pH 4.0, and 1X PBS pH 7.4, as shown in Figure 2F. Vpgma-aas was
280  highly stable in water, keeping their size and low dispersity even for one month. However,
281  during the four weeks of storage, Vrema-aag slightly increased in size in 0.1 M SC pH 4.0,
282  about 17 nm. In contrast, Vpema-aas in 1X PBS pH 7.4 presented a substantial variability in

283  size, as was explained before. Additional experiments in these media are shown below.

284  The counterpart Vpema-aaB-biotin Was smaller and more dispersed than Vpema-aas due to the
285  size of the biotin molecule relative to the other side groups while retaining the electrostatic
286  stability (Figure S4A and Table 1). A homemade colorimetric magneto-assay corroborated
287  the presence of biotin moieties on the outermost surface of Vpgma-aaB-biotin. The polyHRP20—
288  Vpema-aaB-bioin—MB magnetoconjugates were produced and catalyzed the oxidation of non-
289  colored 3,3,5,5’-Tetramethylbenzidine (TMB, diamine) to one-electron oxidation product
290 (cation-radical compound, TMBoxp-1e) and two-electrons oxidation product (diimine,
291 TMBoxp-2.) in the presence of hydrogen peroxide (H>0>). The unoxidized TMB forms a blue
292  charge-transfer complex with the two-electron oxidation product (diamine/diamine,
293 TMB/TMBoxp-2¢) with maximum absorbance at 652 nm (Figure S4B) [41]. According to
294  the UV-vis absorption spectra, polyHRP20—Vpgma-aaB-bioin—MB conjugation was less effec-
295 tive in H2O pH 4.0 than in 0.1 M SC pH 4.0 and 1X PBS pH 7.4. Interestingly, Vpema-aag,
296  laking biotin, did not change color (inset photographs in Figure S4B), confirming that the
297  biotin-free polymersomes do not possess any binding affinity toward streptavidin. Further-
298  more, VpEmA-AAB-biotin Fetained the same structural stability as Vpema-aas upon time in H,O
299 pH4.0,0.1 M SC pH 4.0, and 1X PBS pH 7.4, toward temperature, and in the presence of
300 salts (NaCl, KCl, KNQO3), as shown in Figures S4C-E. In the different kosmotropic media,
301  VpEma-AAB-bioin Was stable at pH 4.0, while simultaneous swelling and shrinking were ob-
302  served at pH > 5.5, as seen in Figure S4F. This behavior might be explained in the same
303 fashion as per Vpema-aas, considering the presence of biotin moieties on the outermost sur-

304  face of Vpema-aAB-biotin.

305 3.3. UV-induced Vpema-aap and VPEMA-AAB-biotin transition
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We investigated the UV-induced evolution of Vprma-aas and Vpema-aaB-biotin iN aqueous me-
dia. Figures 3A-C and S5A-C show the UV irradiation time-dependent UV-vis absorption
spectra of Vpema-aas and Vpema-aaB-bioiin dispersed in HO pH 4.0, 0.1 M SC pH 4.0, and 1X
PBS pH 7.4.

The UV irradiation causes a gradual decrease of the m-m* transition band at 341 nm and a
slight increase of the n-m* transition band at ca. 450 nm owing to photochemical trans-to-cis
isomerization of AZO moieties [12—14]. This geometric transition is accompanied by a color
change in Vpema-aap dispersion, from orange to yellow tinge in H>O pH 4.0 and 0.1 M SC
pH 4.0 (inset photographs in Figures 3A-B). The photoinduced isomerization in H.O pH 4.0
and 1X PBS pH 7.4 occurred quickly within ~60 s of UV irradiation, reaching a photosta-
tionary state, while it was reached after 300 s in 0.1 M SC pH 4.0 (Figures 3D and S5D). The
isomerization degree extent at 600 s was ca. of 37.0, 41.0, and 62.0 % for both Vpgma-aaB
and VpeMma- AAB-biotin in H2O pH 4.0, 0.1 M SC pH 4.0, and 1X PBS pH 7.4, respectively. UV
irradiation time-dependent DLS measurements were conducted to monitor the evolution of
intensity-average Dy and P (Figure 3E and S5E). The intensity-average Dy and P remained
almost unchanged upon UV irradiation for Vpema-aas and Vpema-aaB-bioiin in H2O pH 4.0.
Polymersomes dispersed in H,O pH 4.0 remained stable after UV irradiation mainly by hy-
drophobic interactions in the polymersomes' membrane. The increase in the isomerization
degree in 0.1 M SC pH 4.0 and 1X PBS pH 7.4 concerning H>O pH 4.0 increased Dy. In 0.1
M SC pH 4.0, it increased from 128.3 + 1.1 to 143.1 + 3.0 nm and from 110.9 + 0.9 to 126.8
+ 0.9 (n = 6) nm for Vpema-aas and Vpema-aaB-biotin, respectively, with a constant B value. In

contrast, Dy in 1X PBS pH 7.4 significantly increased.

Please note that the longer time required to reach the photostationary state through photoin-
duced isomerization of Vpgma-aag in 0.1 M SC pH 4.0, compared to H,O pH 4.0, could be
attributed to specific electrostatic interactions between SC and the carboxylic acid groups on
the outermost surface of Vpema-aas. These interactions limit the degrees of freedom of the
azo-based polymeric chains, thereby slowing down the rate of cis-to-trans interfacial inter-
conversion. Notably, the effect is entirely the opposite in 1 X PBS pH 4.0, where there is a
clear correlation among the loss of structural stability described in the previous section, the
time to reach the photostationary state and the degree of isomerization. We speculate that the

spatial reorganization of the AZO moieties due to the shrinking of Vpema-aas in 1X PBS pH



337 7.4 results in a higher degree of freedom of AZO moieties, promoting their maximum isom-

338  erization degree in a short time, as reported [13].
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34  Figure 3. Vpema-aas transition upon UV irradiation characterized by UV-vis, DLS and TEM.

34 Evolution of Vppma-aap UV-vis absorption spectra induced by photoisomerization in A) H,O pH
1 4.0,
34 B) 0.1 M SC pH 4.0, and C) 1X PBS pH 7.4 upon time. The UV-vis absorption spectra were
2 normal-

34  ized with tigadiaion = 0 s. D) Isomerization degree upon irradiation time in HoO pH 4.0 (==a=), 0.1 M



34  SC pH 4.0 (=a=), and 1X PBS pH 7.4 (=e=). E) Evolution of the intensity-average Dy and D of
4

34 Vpema-aas after irradiation in H,O pH 4.0 (), 0.1 M SC pH 4.0 (), and 1X PBS pH 7.4 (a). Repre-
5



346  sentative negative stained bright field STEM micrographs of Vegma-aas in H2O pH 4.0 with the cor-

347  responding size distribution histograms in the inset F) before (tiradiaion = 0 S, scale bar = 1000 nm),

348  and I) after irradiation (tiradiaion = 600 s, scale bar = 500 nm). Representative negative stained TEM

349  micrographs and zoomed-in version of Vpema-aas in H>O pH 4.0 G) before (tiradiation = O s, scale bar

350 =100 nm), and J) after irradiation (tiradiaion = 600 s, scale bar = 100 nm). Histograms of membrane

351  thickness distribution along with calculated average membrane thickness values H) before (timadiation

352  =05), and K) after irradiation (tirradiation = 600 ).

353 STEM micrographs of Vpema-aas in H2O pH 4.0 before and after 600 s UV irradiation re-
354  vealed preservation of size (Figures 3F and 3I) according to DLS results, while negatively
355 stained TEM micrographs confirmed that the morphology was preserved (Figures 3G and
356  3J). Nevertheless, the photoinduced isomerization of AZO moieties at the interface caused a
357  change in the hydrophobic packing, thereby compromising the integrity of the bilayer mem-
358  brane through its irregular deformation and fluctuations in thickness. The calculated Maye
359 increased from 10.0 + 1.8 nm to 13.2 £ 3.8 nm (n = 200) after 600 s UV irradiation (Figures
360 3H and 3K). Although the Maye values are close, the population larger than 16 nm evidenced
361 increased membrane thickness (Figure 3K). The morphology of Vpema-aas dispersed in 1X

362  PBS pH 7.4 was unclear in the negatively stained TEM micrographs (Figure S6A-B) because
363  uranyl acetate precipitates noticeably when the pH is over pH 5.0 [42].

364  3.4. Hydrophobic and hydrophilic cargo encapsulation within Veema-aas

365 We demonstrated that the Vpema-aaB serves as a reservoir for hydrophobic and hydrophilic
366  cargoes of different chemical natures within the corresponding compartments. The bilayer
367 membrane served as a reservoir of hydrophobic molecules, as demonstrated by incorporating
368  water-insoluble ferrocene (Fc). Hydrophilic molecules like methylene blue (MB), inorganic
369  platinum NPs stabilized with SC (Pt@SC NPs), and enzymes like horseradish peroxidase
370  (HRP) might all fit inside the aqueous core of these vesicular assemblies. Figure S7 shows
371  the changes in intensity-average Dy distribution and autocorrelation function for each poly-
372  mersome dispersion. The values of Dy and P are reported in Table 1. Fc-, MB-, Pt-, and HRP-
373 loaded Vpema-aap had minor variations in size. Figure S7 also shows the cargo-dependent
374  physical changes as inset photographs. The color changes of each dispersion indicate the
375  successful encapsulation depending on the kind of cargo and the amount attempted to encap-
376  sulate. The color and intensity-average Dy distribution of the Fc- MB-, and HRP-loaded
377  Vrema-aag did not change over time, suggesting high encapsulation stability and cargo reten-

378  tion. Pt-Vpema-aag precipitated after two months. {-potential values for loaded polymersomes
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were like Vpema-aag, except for HRP-Vpema-aas, due to the adsorption of HRP on the poly-
mersomes' surface (Table 1). Encapsulation efficiency, loading capacity, and cargo concen-
tration values are reported in Table S3. As expected, the encapsulation of hydrophobic com-
pounds was low due to the bilayer membrane's low thickness and high compactness. On the
contrary, hydrophilic molecules were highly efficiently encapsulated, associated with the
higher volume of the aqueous core and the electrostatic interactions between MB and groups
on the innermost surface of Vpema-aas. The encapsulation efficiency for HRP-Vpema-aaB
turned out to be higher than in other works [43-45], related to the adsorption of HRP on the
polymersomes' surface, according to the reported (-potential value.

Figure 4A shows the overlap between the number-average Dy distributions for Pt@SC NPs
and Pt-Vpepma-aaB. Be aware that no signal was associated with the Pt@SC NPs in the num-
ber-average Dy distributions of the Pt-Vprma-aaB, demonstrating that Pt@SC NPs were en-
capsulated inside Vpema-aaB. The significant light scattering of Pt@SC NPs forced us to com-
pare the size distribution by number. The encapsulation and distribution of Pt@SC NPs in
the polymersomes' aqueous core are depicted in the negatively stained TEM micrograph of
Figure 4B. The interplanar spacing for Pt of the 111 planes is displayed by zooming in on the
Pt-Vpema-aas aqueous core in Figure 4C [46]. Although negatively charged cargoes would
be hardly encapsulated, Pt@SC were indeed successfully encapsulated. This is presumably
because the Vpema-aap was stable in the presence of SC at low pH, as we had previously
shown. The gradual instability, however, might be brought on by the electrostatic repulsion

between the citrate-capped PtNPs and the innermost surface of Pt-Vpema-aag.

Number (%)

1 10 100 1000 10000
DH (nm)

Figure 4. Pt-Vpema-aas characterization by DLS and TEM. A) Number-average Dy distribution of
Pt-Vpema-aae and Pt@SC NPs in H,O pH 4.0. Representative negative stained TEM micrograph of
Pt-Vpema-aae in H,O pH 4.0 in B) complete version (scale bar = 20 nm), and C) zoomed-in version
(scale bar = 10 nm).
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3.5. UV-induced release of MB from MB10%-VprEmMA-AAB

One possible application for the polymersomes designed here is the on-demand cargo release.
To investigate the UV-induced release of small water-soluble molecules, we employed the
MBi0%-VreEma-aaB to measure the release of MB. The cargo release from AZO-based poly-
mersomes could only occur when the AZO moieties are isomerized [47,48]. In this context,
rather than spectrophotometry, fluorescence, or HPL.C commonly used to characterize cargo
release, we developed a rapid, simple, and sensitive electrochemical assay to monitor the
UV-induced release of MB from MB1%-Vpema-aag in real-time. This approach differs from
other methods that monitor cargo release via electrochemical techniques [19-23]. We used
cyclic voltammetry (CV) at disposable screen-printed carbon electrodes (SPCEs) in 0.1 M
SC pH 4.0 and 1X PBS pH 7.4 (Scheme S3). Figures 5A-B show representative cyclic volt-
ammograms for the MB release in 0.1 M SC pH 4.0 and 1X PBS pH 7.4, respectively. The
continuous stimulation of MBi1gs%-Vpema-aas with UV light at 365 nm led to a rapid increase
in cathodic and anodic currents associated with MB oxidoreduction, indicating that the pol-
ymersomes' membrane became permeable for MB. Interestingly, with increasing pH, the ca-
thodic and anodic peak potentials (Ec, and Ea, respectively) shifted negatively at the same
scan rate. In 0.1 M SC pH 4.0, Ec and Ea values were -0.14 V and -0.10 V, while in 1X PBS
pH 7.4, they were -0.32 V and -0.25 V. Moreover, the peak current increased with increasing
pH. All these changes can be explained through the pH-depend MB oxidoreduction mecha-
nism, described as an electron-transfer process with an intervening proton-transfer process
(ECE) [49]. The redox reaction at pH < 5.4 is a two-electron-three-proton-transfer process,
while that at pH > 6.0 is a two-electron-one-proton-transfer process [49]. Despite this, cyclic
voltammograms in Figures 5A-B show that the reaction intermediate is hardly ever present.
As a result, the shape of the cyclic voltammetric curves is almost pH-independent, except for

the slight shift of the cathodic and anodic peaks and the current values with pH.

Figures 5C-D reveal that, after just 432 s of continuous irradiation, MB1o%-Vpema-aag had
cumulative release extents of 59.8 % in 0.1 M SC pH 4.0 and 95.6 % in 1X PBS pH 7.4. No
such release of MB was observed in the dark from MB1g%-Vpema-aas dispersed in 0.1 M SC
pH 4.0. In this case, the physisorbed MB on the outermost surface of MB1go%-Vpema-aaB Un-

derwent oxidoreduction, resulting in a minimal increase in the current of the cathodic and

anodic peaks (Figure S9A). In contrast, when MBig%-Vpema-aas were dispersed in 1X PBS



436  pH 7.4, the current remarkably increased (Figure S9D), and the release extent increased from
437  10.2 to 49.2 % without irradiation conditions. MB1o%-Vpema-aaB were also exposed to alter-
438 nating cycles of UV irradiation and darkness (non-continuous irradiation). As reported, the
439  current grew throughout the irradiation cycles but slowed down without light [47]. In this
440  scenario, we suggest that the bilayer membrane acts as a barrier to maintain the proper bal-
441  ance of MB inside and outside MBi¢%-Vpema-aap during darkness cycles. Compared to con-
442  ventional AZO and pseudo-stilbene, the cis isomer of AZO with one electron-donating group
443  has an intermediate lifetime [13]. Therefore, if reconversion to the trans from cis isomer is
444  not promoted, MB1g%-Vpema-aaB remains permeable even in the dark. Furthermore, as the
445  cycles of UV irradiation increased (192 s of UV irradiation), the systems reached their cor-
446  responding photostationary states (Figure 3D). Under these conditions, the cumulative re-
447  lease extents of MB from MBigs%-Vpema-aas were 23.5 and 82.6 % in 0.1 M SC pH 4.0 and
448  1X PBS pH 7.4, respectively.
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450  Figure 5. UV-induced release of MB from MB¢%-Vpema-aas. Cyclic voltammograms of MB1gy-
451  Vpema-aas under continuous UV irradiation in A) 0.1 M SC pH 4.0 and B) 1X PBS pH 7.4. All cyclic
452  voltammograms contain 19 representative cycles corresponding to 304 s of measurements. C) MB
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release extent from MB1gy%-Vpema-aag in 0.1 M SC pH 4.0 with continuous UV irradiation (a), alter-
nating UV and darkness cycles (a), and in darkness (). Veema-aag during continuous UV irradiation
(@), and in darkness () is also shown as a negative control. D) MB release extent from MB1%-Vpema-
aaB in 1X PBS pH 7.4 with continuous UV irradiation (), alternating UV and darkness cycles (a),
and in darkness (2). Veema-aas during continuous UV irradiation (s), and in darkness (5) is also shown
as a negative control.

Continuous stimulation resulted in 2.5-fold and 1.1-fold more MB release in 0.1 M SC pH
4.0 and 1X PBS pH 7.4, respectively, than non-continuous stimulation. Vpgma-aas was sub-
jected to continuous UV stimulation or darkness procedures as a control. In none of the pro-
cedures, oxidoreduction peaks were observed in the potential windows for Vpema-aags dis-
persed in 0.1 SC pH 4.0 (Figures S9B-C) or 1X PBS pH 7.4 (Figures SOE-F), suggesting that
engineered polymersomes were not electroresponsive. Therefore, photostimulation might be
responsible for the MB release. During photostimulation, the conformational switch between
the trans and cis isomers is accompanied by the reorientation of AZO moieties and the in-
crease of the molecular dipole moment [12—14]. These processes make the hydrophobic bi-
layer membrane slightly more hydrophilic and, as a result, permeable for water-soluble mol-

ecules.

The molecular rearrangement and polarity change in the bilayer membrane explain the MB
release in 0.1 SC pH 4.0 but not enough in 1X PBS pH 7.4. As the pH increased, the relative
magnitude of release extent with and without photostimulation was higher. Our earlier find-
ings demonstrated that Vpema-aas was pH-sensitive as well. As a result, the MB release is
significantly influenced by the nature and composition of the surrounding solution, plus the
photostimulation. The changes in size distribution, morphology, and the isomerization degree
explained previously could cause the difference in MB release in the two media. When the
polymersomes were dispersed in 1X PBS pH 7.4, their size distribution changed, which ap-
peared to cause a quick and continuous MB release. However, whether or not photostimula-
tion is constant, it is evident that the release was favored because of the high degree of isom-

erization in a short time and the associated size shift (Figures 3D-E).

According to these results, Vpema-aag presented two medium-dependent release profiles: (i)
intermittent photorelease, with cargo release halting in the dark and resuming when exposed

to light, in acidic conditions (0.1 M SC, pH 4.0), and ii) continuous cargo release in a more
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alkaline medium such as 1X PBS pH 7.4, significantly enhanced by irradiation. This charac-
teristic can be advantageous for applications requiring rapid cargo release, such as biosen-
sors. The medium-mediated release mechanism offers an advantageous approach, allowing
for controlled and timely release, critical for biosensor performance. In this context, the no-
ticeable improvement in the MB release profile in 1X PBS pH 7.4, even in dark conditions
due to the reorganization of the polymersomes, could be beneficial for electrochemical bio-
sensing applications. These conditions ensure optimal release, which is essential for achiev-
ing the highest analytical signal of MB [50,51]. Therefore, MB can be adapted to enhance

signal-generating events in label-based electrochemical biosensors [52].

3.6. HRP-Vpema-aaB-biotin-labeled sandwich-type immunoassay

Scheme S4 shows the principle of the proposed optical immunosensor based on Vprma-aas-
biotin @s a carrier of enzymatic labels (HRP) (physicochemical characterization of HRP-Vpgma-
AAB-biotin is summarized in Tables 1 and S3). Unlike the conventional enzyme-linked immuno-
sorbent assay (ELISA), in which biotinylated detection antibodies (b-DAD) is labeled with
only limited Strep-HRP, more HRP could be integrated into the immunoassay when HRP-
VpEMA-AAB-biotin Was attached to b-DAb because a large amount of HRP was encapsulated in
single VpemA-AAB-biotin.

The biorecognition events were monitored by optical readout using the TMB/H>O»/HRP re-
dox system. The intensity-average Dy distributions shown in Figure S11 indicate that struc-
tural stability of Vpema-aaB-biotin Was lost in TMB/H,0» substrate solution, with Dy increasing
up ca. of 1050 nm after 5 min. A while later, Vpema-aaB-bioiin Was disassembled into individual
polymeric chains, and no DLS signals were registered. As the structural stability was pre-
served in each of the individual substrates, i.e., TMB and H>O5, their structural instability in
the presence of TMB/H>0, substrate solution could be attributed to any of their components
[53,54]. As a result, the TMB/H>O> substrate solution substrate caused the direct disassembly
of the HRP-Vpgma-aaB-biotin 10 release a large amount of HRP, which catalyzed the H>O»-
mediated TMB oxidation, producing a color change in the system. In this case, HRP-Vpgma-
AAB-biotin Works as a medium-responsive electroactive label release system. The optical detec-
tion of IL-6 was monitored by the color change in the system from colorless to blue at a

maximum absorbance of 652 nm after 20 min.
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Univariate analysis was used to analyze the critical experimental variables influencing the
analytical performance of the immunoassay. The evaluated variables were researched within
predetermined ranges while other ones remained constant. The absorbance obtained in the
presence of 200 pg mL™" (signal, S) and absence (blank, B) of IL-6 standard protein was
compared for each value in the tested range.

The starting protocol for the optimizations involved four biomodification steps with solutions
containing (i) 50 pg mL™" capture antibody (CADb), (ii) 0 and 200 pg mL™" IL-6 standard pro-
tein, (iii) 0.20 pg mL-1 b-DAb, and (iv) 1/100 diluted Strep-HRP-VpEma-AAB-biotinio CONju-
gates. Figure 6 depicts the dependence of the absorbance values measured in the presence of
200 pg mL™" the absence of IL-6 standard protein, and the resulting S/B ratio for detecting
IL-6 when each evaluated variable was modified independently. Table S5 summarizes the
evaluated variables, tested ranges, and selected values.

The most influential experimental variables were related to the biotin-Strep-biotin noncova-
lent binding in the labeled step to achieve better sensitivity. Therefore, the first optimized
experimental variable was the PEMA-r-AAB-r-biotin/Strep ratio (w/w) used in the preincu-
bation step (biofuntionalization of HRP-Vpgma-aaB-biotin With Strep). Figure 6A reveals that
S/B ratio initially increased as the PEMA-r-A AB-r-biotin/Strep ratio (w/w) increased from
2.50 to 31.25 and then declined beyond 31.25 when Strep-HRP-Vpema-aaa-biotin CONjugates
were diluted 1/100. This behavior is directly related to the biotin/Strep ratio. The biotin/Strep
is frequently kept constant at a 1:1 ratio (i.e., 4 mol of binding sites) to avoid crosslinking via
Strep bridges through biotin-Strep-biotin noncovalent binding [55]. As the amount of biotin
on the outermost surface of HRP-Vpema-aaa-biotin 1S unknown, three scenarios could be con-
sidered depending on the PEMA-r-AAB-r-biotin/Strep ratio. In the first scenario, a low
PEMA-r-AAB-r-biotin/Strep ratio (i.e., 2.50 mg PEMA-r-AAB-r-biotin/mg Strep) indicates
a higher amount of Strep in comparison to biotin, meaning that most of the Strep covers the
HRP-Vpema-aaa-biotin While possibly another amount remains unbound. When in contact with
the b-DAb/IL-6/CAb/well, unbound Strep may have a much higher binding affinity for b-
DADb than Strep-HRP-Vpema-aaA-biotin, limiting b-DAD labeling with Strep-HRP-Vpema-aaa-
biotin and therefore the signal. The second scenario considers the opposite situation, i.e., the
highest PEMA-r-AAB-r-biotin/Strep ratio (62.50 mg PEMA-r-AAB-r-biotin/mg Strep). A

very high ratio reduces the amount of Strep relative to biotin, promoting biotin-Strep-biotin
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noncovalent binding and, therefore, the formation of macroconjugates among HRP-Vpgma-
AAA-biotin. Due to steric hindrance, these macroconjugates further limit the interaction with the
immobilized b-DAb. In the final scenario, the suitable PEMA-r-A AB-r-biotin/Strep ratio
(i.e., 31.25 mg PEMA-r-AAB-r-biotin/mg Strep) is achieved, in which crosslinking between
HRP-VpEmA-aaA-biotin IS minimized while binding to b-DAb is favored.

iError! No se encuentra el origen de la referencia. 6B shows the optimal Strep-HRP-V
PEMA-AAB-biotin dilution factor was 1/100 after preincubation at 31.25 mg PEMA-r-AAB-r-
biotin/mg Strep. The S/B ratio increased significantly with the Strep-HRP-Vpema-aaA-biotin
dilution factor over the range 1/1000 — 1/100. Although the specific signal in the presence of
IL-6 standard protein was notably larger to a lower dilution factor than 1/100 (i.e., a higher
amount of Strep-HRP-Vprma-aaa-bioiin CONjugates), it was also for the blank due to nonspe-
cific adsorption, with which the S/B ratio decreased.

Next, the best medium for b-DADb labeling with Strep-HRP-Vprma-aaa-biotin CONjugates was
evaluated. According to the previous stability studies, H.O pH 4.0, 0.1 M SC pH 4.0, and 1X
PBS pH 7.4 in the presence and absence of 1 % (w/v) BSA (i.e., H20, SC, SC-BSA, PBS,
and PBS-BSA) were tested as media for b-DAb labeling studies. Figure 6C shows that in
media containing BSA (i.e., in SC-BSA and PBS-BSA media), the labeling interaction (i.e.,
biotin-Strep-biotin noncovalent binding) was suppressed. Although Figure 6C only displays
this behavior in media containing 1 % (w/v) BSA as a typical concentration in ELISA, lower
BSA concentrations also limited labeling interaction (results not shown). Different behaviors
were observed in media without BSA. For example, while in H,O pH 4.0, the labeling inter-
action was promoted, in 0.1 M SC pH 4.0 and 1X PBS pH 7.4, nonspecific adsorption was
observed, possibly due to electrostatic interactions in these media. Therefore, water was se-
lected as the medium for b-DADb labeling with Strep-HRP-Vpema-aaa-biotin CONjugates.

CAD concentration was the following experimental variable optimized (6D). In the presence
of CAD, the S/B ratio increased with the CAb concentration from 2.5 — 5 pg mL™" due to the
increase in the specific signal in the presence of IL-6 standard protein, with 5 pg mL™" as the
optimal. At this concentration, the CAb density on the surface of ELISA wells is appropriate
to favor the antibody-antigen recognition event probability because the CAbs' antigen-bind-
ing sites (paratopes) are not sterically hindered. When the CAb concentration increased, two

situations arose. The first is related to the limitation in the antibody-antigen recognition event
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because of a steric hindrance at the antigen-binding sites, and therefore, the specific signal in
the presence of IL-6 standard protein decreased. In the second one, their nonspecific absorp-
tions are favored upon CAb concentration, increasing the blank's signal response. Therefore,
with a CAb concentration higher than 5 pg mL™ the S/B ratio decreased. It is also noteworthy
that in the absence of CAb the signal response in the presence and absence of IL-6 is equal,
thus confirming that under optimal conditions, b-DAb labeling with Strep-HRP-Vpgma-aaa-
biotin cOnjugates is favored but not the nonspecific absorptions.

In the subsequent optimization, four assembly protocols were tested with sequential biomod-
ification steps of 60 min each, starting from the blocked CAb/well (refer to the materials and
methods of SI, section 1.3.9). From the results displayed in Figure 6E, the S/B ratio was
notably larger when using protocol 1. The stepwise protocol could favor each interaction in
a complex assay like the one used in this work, in which nonspecific adsorption competes
with b-DADb labeling with Strep-HRP-Vpema-aaa-biotin cOnjugates. In this way, in the first bi-
omodification step, IL-6/CAb interaction was promoted, while different IL-6 epitopes re-
mained available to interact with b-DAb paratopes in the second biomodification step. The
final biomodification with Strep-HRP-Vpgma-aaa-bioiin COnjugates maximized the b-DAD la-
beling compared to the other protocols. Protocols II, III, and IV potentially limited the anti-
body-antigen recognition events and b-DAb labeling due to aggregation processes or steric
hindrance when the corresponding bioreagents coexisted in the solution, as judged by de-
creased specific signals in the presence of IL-6 standard protein. In similar assays using bio-
tinylated HRP-loaded vesicles (liposomes), biomodifications with Strep and biotinylated
HRP-loaded liposomes were performed independently [53,54,56]. However, this protocol
did not discriminate between absorbance values using the HRP-Vpgma-aaa-biotin (results not
shown).

Finally, the optimal b-DAb concentration was set at 0.20 pg mL™" (Figure 6F), and a longer
b-DADb concentration did not enhance the sensitivity. As the CAb and b-DAb concentrations
and the general assembly protocol were the same as those reported by the human IL-6 DuoSet
ELISA supplier, the incubation times were not optimized. Overall, the results show that the
optimal detection of IL-6 using HRP-Vpgma-aaa-bioiin could be achieved in 170 min only in a

protocol involving three biomodification steps. Noteworthy b-DAD labeling can only be



606 achieved after biofunctionalization of HRP-Vpgma-aaB-biotin With Strep, in which the bio-
607  tin/Strep ratio is the crucial step to avoiding the presence of unbonded Strep or HRP-Vpgma-

608  AAB-biotin crosslinking via Strep bridges.
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C) b-DAbD labeling incubation medium; D) CAb concentration; E) assembly protocol involving se-
quential biomodifications in (I) three steps, (II-III) two steps, and (IV) one step, (see main text); F)
b-DAD concentration. Error bars were estimated as the measurement's standard deviation (n = 2).

4. CONCLUSIONS

The work covered four key aspects: (i) the synthesis of a new class of multicoordinated and
multifunctional copolymers, (ii) their assembly into medium-dependent light-responsive pol-
ymersomes, (iii) real-time monitoring of cargo photorelease by cyclic voltammetry, and (iv)
their application as an intelligent labeling system in the development of a biosensor. In this
context, a new class of multicoordinated and multifunctional random amphiphilic copoly-
mers resulted from functionalizing the poly(ethylene-alt-maleic an-hydride) (PEMA) with p-
aminoazobenzene (p-AAB) copolymer and biotin through a one-step nucleophilic substitu-
tion reaction. The resultant copolymers were suitable for self-assembly into well-defined na-
nopolymersomes named Vprma-aas and Vpema-aaB-biotin With the ability to encapsulate hydro-
philic and hydrophobic cargo, exhibiting dual responsiveness to light and the nature and com-
position of the surrounding media. For example, AZO moieties disrupted the fidelity of the
nanopolymersomes' interface through photoinduced isomerization, while nanopolymersomes
lose structural stability in media containing kosmotropic anions. Accordingly, cargo
(photo)release profiles of nanopolymersomes were either intermittent photorelease, with
cargo release halting in the dark and resuming when exposed to light in acidic conditions, or

continuous cargo release in a more alkaline medium, significantly enhanced by irradiation.

To demonstrate the practical utility of the as-developed nanopolymersome-based cargo-photo
release system, quantitative (photo)release of methylene blue (MB) electroactive species was
achieved on the fly from MB10%-Vpema-aaB using cyclic voltammetry, incorporating horse-
radish peroxidase (HRP) enzyme into the Vpema-aaB-bioiin and demonstrating its application
as an intelligent labeling system by optical biosensing of interleukin-6. While the described
application utilizing the AZO-based polymersomes designed as a photo-switch smart
nanosystem is restricted by UV light excitation source, this research introduced a general
synthetic route for modifying the polymersome functional groups right before self-assembly.
It opens the path to other potential uses, such as smart delivery systems, nano-reactors, etc.,

and new visible or near-infrared (NIR) photo-switching AZO derivatives [57,58].
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