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ABSTRACT: Natural polymers having charged groups (polyelectrolytes) form
hierarchical structures on complexing with mono- or multivalent counterions. On the
contrary, synthetic polyelectrolytes are generally known to undergo complexation with
oppositely charged multivalent counter-(macro-)ions. Here, we demonstrate that the
simple addition of monobasic acids to an aqueous solution of protonable amine-
containing synthetic polyelectrolyte, polyethylenimine (PEI), induces microphase
separation, much similar to the macrophase separation observed with the dibasic or
tribasic acids. This results in structurally well-defined, metastable, liquid-like droplets of
PEI hitherto not observed earlier. The phenomenon is primarily driven by the counterion
condensation on charged amine groups and attractive interactions between hydrophobic
moieties of the PEI chains. Remarkably, a pH/polarity gradient develops between the
surface and the interior of these microdroplets. This leads to slow (~ few days) sequential
protonation (of the PEI chains) that propagates inward from the surface toward the
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interior of the droplets. The protonation front triggers a curvature change, leading to a morphological transition of the droplets to
form anisotropic structures that self-assemble into micron-sized interconnected hollow fibers. Such a phenomenon is generic to other
protonable-amine-functional polymers and depends on the valency of the counterion, which dictates the size of phase-separated
structures. This study provides the first experimental evidence that even monovalent counterions can mediate complexation with
like-charged polyelectrolytes, which drives their liquid—liquid phase separation and subsequent microstructural transformations into
fibrils. This model system provides an opportunity for plausible integration of such spatiotemporal dynamics into the synthetic

droplets designed to mimic biological systems.

P olymers comprising charged or ionizable groups, also
called polyelectrolytes, have been ubiquitous since the
origin of life."* However, unlike their uncharged counterparts,
they remain less explored due to the complexities of many
factors influencing their solution behavior.”* One of the most
intriguing properties of polyelectrolytes is their ability to bind
with oppositely charged species, such as ions/macro-ions,
leading to the formation of self-assembled polyelectrolyte
complexes.” The most commonly studied complexes are those
formed by mixing oppositely charged polyelectrolytes. On a
microscopic or macroscopic level, such self-assembly or
complexation can manifest as phase separation—a hallmark
of polyelectroly‘ces.6 The polymer-rich complexes (with a
polymer concentration higher than their surroundings) formed
during phase separation can exhibit solid-like or liquid-like
properties.” Notably, the liquid-like synthetlc polyelectrolyte
complexes, often referred to as “coacervates,” have garnered
significant attention recently due to their striking similarity to
processes that drive surface adhesion by underwater organisms
and the biomolecular condensates within cells formed via a
liquid—liquid phase separation (LLPS) mechanism.””"* LLPS
is primarily driven by electrostatic interactions often
accompanied by hydrophobic forces, ll%and bridging, hydrogen
bonding and 77—z interactions.’ Liquid-like phase-
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separated systems from synthetic molecules, such as
peptides,”>~"7 polyelectrolytes,”'*"** and supramolecular
polymers,”™*° can mimic various properties of biomolecular
condensates, viz.,, high dynamicity, sensitivity toward environ-
mental changes such as pH and temperature, and selective
molecular sc=.c1uest1‘ation.26_28 However, a very important
property of maturation or aging of biomolecular condensates
from liquid-like to solid-like structures has only been shown for
peptide-based coacervates,””* and any such transition has not
yet been reported for monofunctional synthetic weak
polyelectrolytes.

Intriguingly, complexation is not restricted between
oppositely charged macromolecular systems. Natural polyelec-
trolytes, such as DNA, can form self-assembled structures in
the presence of several divalent cations,’"** oligo-cations,”>**
and polycations.>* Similarly, F-actin, another natural poly-
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electrolyte found in the cytoskeleton, organizes into like-charge
self-assembly in the presence of Ba** ions,” where the latter
act as a zipper system to bind two actin chains by a charge
density wave mechanism to form hierarchical filamentous
structures. The above-mentioned experimental observations
suggest the formation of self-assembled complexes using
multivalent counterions that can form ion bridges between
like-charged chains and, in combination with short-range
hydrophobic interactions, allow attractive interactions between
two like-charged polyelectrolyte chains''—a phenomenon
supported by both simulation and theoretical findings.**’
However, few literature reports show the self-assembly of DNA
chains by monovalent counterions, e.g, the formation of
templated multilayer structures or spherical globules of DNA
has been demonstrated by using Na®, which induces weak
attractions between the DNA chains through mechanisms
attributed to counterion condensation.”®*’

In contrast, like-charged synthetic polyelectrolyte complexes
driven solely by monovalent counterions and, importantly, also
yielding a liquid-like phase separation remain unexplored. This
could be due to the lack of requisite correlations between the
polyelectrolyte chains by the monovalent counterions. Jain et
al,”" for the first time, showed that polyethylenimine (PEI), an
industrially relevant and an amine-functional, weakly basic,
synthetic polyelectrolyte, undergoes unprecedented like-
charged self-assembly between pH ~2.5 to 4 via the addition
of various acids, including HCI. The self-assembly mechanism
was hypothesized to be a subtle balance of interactions arising
from the condensed counterions on partially protonated
amines and hydrophobic interactions between the ethylene
moieties. Further, under similar pH, covalent modification by
less than 0.1% of the primary amines of PEI with fluorophores
altered the self-assembly morphology from fibers to sheets.*”
These findings indicated a delicate balance of interactions,
where slight chemical perturbations lead to significant changes
in self-assembly behavior. However, the exact mechanism and
physicochemical picture underlying such self-assembly remain
obscure. Through a theoretical study,”” Muthukumar et al.
predicted the formation of microgel-like aggregates due to
dipole—dipole interactions between the polymer chains, due to
condensed counterions. More recently, using dynamic light
scattering,"* the same group reported a mesomorphic state as
precipitates and aggregates in a poly L-lysine bromide and
sodium acrylate ion system and, using theoretical calculations,
attributed it to dipole—dipole interactions. However, the exact
physicochemical understanding of the microscopic structure or
the liquid-/solid-like nature of the reported system remained
unexplored.

In this study, we bring forward novel insights into the
detailed mechanism underlying generic like-charged self-
assembly behavior of amine-functional synthetic polyelectro-
Iytes, e.g., polyethylenimine (and polyallylamine), comprising
protonable amine groups, triggered by the addition of mono-
(HCl), di-(H,S0,), or tri-(H;PO,) basic acids. We show that
depending on the valency of the counterion, the polyethyle-
nimine (PEI) chains undergo a micro- or macrophase
separation at a certain window of low pH, driven by a
combination of counterion correlations and hydrophobic
interactions due to incomplete protonation of the amines.
The phase-separated PEI—counterion complexes formed at pH
~3 show liquid-like droplet behavior reminiscent of
coacervates. Further, the droplets exhibit spatial heterogeneity
in the protonation, with PEI chains at the surface of droplets

showing higher protonation/polarity than those in the interior
regions. However, this gradient homogenizes rather slowly and
is accompanied by the formation of anisotropic structures that
culminate into hollow fibrillar networks. Although multivalent
counterion-mediated solid-like aggregate formation has been
reported in other polyelectrolyte systems,>**™*" such a
generic phenomenon of initial liquid-like behavior that
dynamically evolves into solid-like and well-defined hierarch-
ical structures upon the addition of acid—based monovalent
counterions in a minimalistic system of only synthetic amine-
functional polyelectrolyte chains has not been observed
experimentally.

B RESULTS

Like-Charged Polyethylenimine Phase Separation
upon Protonation with Acids. Protonation and counter-
ion-based physiochemical effects on the stability of amine-
functional polymers were explored at different pH values with
various acids. A synthetic amine-functional polyelectrolyte,
branched polyethylenimine (PEI), having M,, = 750 kDa and
M, = 60 kDa, was used for these studies. Branched PEI
comprises primary, secondary, and tertiary amines and thus
can exhibit a high charge density upon low-pH-based
protonation of the amine groups. Therefore, the pH changes
in 1-65 uM PEI dilute aqueous and visibly transparent
solutions (prepared using Milli-Q water at 25 °C; initially at
pH ~10.6 where the amines are almost unprotonated) were
executed by the slow addition of mono-(HCI), di-(H,SO,), or
tri-(H;PO,) basic acids. Different PEI samples with pH values
ranging from 9 to 1 were prepared for each acid. Interestingly,
while the PEI-HCI samples showed very slight turbidity in the
pH range of 4 to 2, the PEI-H,SO, and PEI-H;PO, solutions
showed turbidity at distinct pH values. This possibly suggested
a microphase separation triggered by HCI, while the dibasic
and tribasic acids caused a macrophase separation and
formation of large like-charged PEI—counterion complexes
(Figure 1).*** The samples were further investigated for the
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Figure 1. Schematic showing like-charged complex formation by
branched polyethylenimine (PEI) chains in a freshly prepared dilute
aqueous solution at 25 °C, on the addition of monoprotic or
multiprotic inorganic acids. Note: The schematic for the PEI chains
and the size of the ions is not to scale.
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Figure 2. Phase separation investigations of branched polyethylenimine (PEI; 750 kDa) upon protonation using H,SO,, H;PO,, and HCL. (a—c)
Transmittance (%T) studies performed using 600 nm wavelength visible radiation on freshly prepared 65 yM PEI samples with pH ranging from
10 to 1 using 6 N acids: H,SO, (a), H;PO, (b), and HCI (c). The inset shows the corresponding sample solution vials. Turbid solutions of PEI—
H,SO, and PEI-H;PO, indicated mobile micrometer-sized structures. (d, e) Bright-field optical micrographs of PEI-H,SO, (pH = 3) and PEI—-
H,PO, (pH = S) samples along with their confocal micrographs shown in (g, h), respectively (scale bars for (d), (e) are 100 ym, while for (g), (h)
are 136 ym X 136 ym X 20 um). This indicated that spheroidal structures were the cause of turbidity in these samples. (f) Cryo-SEM micrograph
of the PEI-HCI (pH = 3) sample also showed coalescing spheroidal structures. (i) Cryo-TEM micrograph of PEI-HCI (pH = 3) exhibited

coalescing spheroids (scale bar for (f) is 100 nm, and (i) is 500 nm).

microscopic structures in the phase-separated samples by
performing visible light-based transmittance measurements,
optical, confocal, and epi-fluorescence; cryo-electron scanning,
and tunneling electron microscopy studies.

Microstructural Understanding of Like-Charged Poly-
electrolyte—Counterion Complexes. The phase separation
process was monitored through transmittance measurements
with a 600 nm wavelength of visible radiation. At pH 10, for all
of the samples, the percent transmittance (%T) showed a
maximum value of ~99-100, suggesting transparency.
Dropwise addition of a 6 N solution of H,SO, to 65 uM of
PEI solution leads to an eye-visible turbidity as the pH
decreases below S (Figure 2a, inset). This was consistent with
the drop in %T from ~99 at pH 10 to ~90 at pH S (Figure
2a). The transmittance of the samples completely dipped to
0% as the pH was further dropped to 4 and 3. This suggested
the formation of larger structures that scattered visible light.
However, as the pH dropped below 3, the turbidity began to

disappear again, relatively not completely, as can be seen by
~80%T regained at pH 1. In the case of H;PO,, the turbidity
from the PEI solution visually appeared at pH below 7, and %T
showed a sudden decrease at pH 6 and S. Visibly, the pH 6
sample showed fast sedimentation of larger structures;
however, at pH S, the turbid sample was relatively more
stable. The sample retained turbidity until pH 4.5, below which
it became completely transparent, similar to pH 10 samples. In
a remarkable observation, when viewed under bright-field
optical (Figure 2d,e) and laser scanning confocal microscope
(Figure 2gh), the abovementioned turbidity for PEI-H,SO,
and PEI-H;PO, samples was revealed as an outcome of
dynamic and coalescing droplets in the solution (Figures S1—
S3). The droplets formed by HyPO, were of larger size than
those formed from H,SO,, e.g, for the most stable turbid
solutions, i.e., PEI-H,SO, (pH = 3) and PEI-H,PO, (pH =
S), the optical micrograph-based size distribution analysis of
~500 droplets provided diameters of 4.4 + 0.27 yum and 8.9 +
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Figure 3. Fluorescence micrographs obtained during FRAP experiments of Alexa Fluor NHS 555-labeled PEI-H,SO, (pH = 3) and PEI-H,PO,
(pH = S) droplet samples. Panels (a, d) represent the droplet images before bleaching, (b, ) represent the droplets at the time of bleaching (the
black spots within the droplet indicate the bleached region), and (c, f) represent the images acquired at the end of postbleach recovery, for PEI—
H,SO, (pH = 3) and PEI-H;PO, (pH = S) samples, respectively. Normalization was done to account for background emission and sample
bleaching over time. The scale bar for both samples is 10 um, (g) FRAP curves for (pH = 3) PEI-H,SO, (blue) and (pH = S) PEI-H;PO, (green)

samples are plotted against time.

0.19 pum, respectively (Figure S4). The {-potential for PEI—
H,SO, (pH = 3) and PEI-H;PO, (pH = S) droplets was
found to be +7.51 mV and +16.3 mV, respectively, indicating
like-charged polymer assembly. The detailed size distribution
and { values are provided in Figure SS. Furthermore, some of
the droplets in PEI-H,PO, (pH = S and pH = 6) samples also
showed multiphasic properties with a polymer-deficient phase
encompassed in a polymer-rich phase that was itself embedded
in a polymer-deficient phase (Figure S6). The population of
multiphasic droplets was predominant in the sedimented

phase.
For the PEI-HCI case, the solutions did not show a
significant decrease in %T transmittance until pH = §;

however, below this, the overall %T of the solution showed
a marginal decline, but the error was significant. The bright-
field optical (even at 100X) or fluorescent microscopy
measurement could not ascertain the structures; however,
the visual appearance of very slight turbidity (in PEI-HCI pH
3 and 4 samples) motivated us to probe the sample with high-
resolution microscopy tools. Therefore, cryo-SEM (Figure 2f)
and cryo-TEM (Figure 2i) studies were performed on PEI—
HCI pH = 3 samples. Intuitively, similar to PEI-H,SO, and
PEI-H;PO, samples, these samples also exhibited spheroidal
structures/droplets although having relatively much smaller
sizes with a cryo-SEM obtained size distribution of ~25
droplets being 248.1 + 18.8 nm. This was consistent with the
visual and transmittance studies that suggested the formation
of smaller-sized polyelectrolyte complexes by PEI and
monovalent CI™ ions, and as reported in our previous studies.™
The observation of ~100—200 nm-sized droplets was
surprising, as the phenomenon of the formation of like-
charged phase-separated complexes/droplets, especially by a
weakly basic polyelectrolyte with monovalent counterions, was
not known previously.”' This could be a result of the liquid—
liquid phase separation of PEI chains, leading to droplet
formation, much similar to what happens in cells for the
formation of biomolecular condensates.

To probe the relative intrinsic dynamics of PEI chains within
the phase-separated droplets, a fluorescence recovery after the
photobleaching (FRAP) experiment was performed by labeling

polyethylenimine samples. Alexa Fluor 555 NHS ester dye
labeling was done in stock PEI solution at pH = 10.6 before
adjusting it to pH = 3 using 6 N H,SO, or pH = 5 using 6 N
H;PO,. The average fluorescence recovery curve obtained
from FRAP measurements (performed in triplicate) on PEI—
H,SO, (pH = 3) and PEI-H,PO, (pH = S) droplets showed
that in either case, the droplets did not show 100% recovery in
the time frame in which data was recorded. This suggested a
spatial restriction, slow molecular dynamics and a viscous
environment inside the phase-separated droplets.”® Further,
the mean half-time of recovery obtained on bleaching an area
of 2 ym on almost the same-sized droplets of PEI-H,SO, (pH
= 3) and PEI-H;PO, (pH = S) was 9.9 and 172 s,
respectively, suggesting a liquid-like recovery rate of the
droplets (Figure 3). This was consistent with the literature-
based observation of similar recovery time from liquid—liquid
phase separation (LLPS), e.g,, in artificial protocell models and
coacervates.”” > FRAP experiments further indicated that PEI
chains within PEI-H,SO, (pH = 3) droplets exhibited faster
dynamics than in PEI-H;PO, (pH = S) droplets (Figure 3).
In both cases, the droplets indicated a dense polymer-rich
phase that settled at the bottom of the vial in ~1 h. Thereafter,
the phase-separated and liquid-like bulk/settled PEI-H,SO,
(pH = 3) and PEI-H;PO, (pH = S5) samples were analyzed
for their flow behavior using shear-sweep rheology (Figure S7).
Viscosity measurements as a function of shear rate (0.1—10
s7!) of PEI-H;PO, (pH = 5) exhibited a zero-shear viscosity
value of 122.5 Pa-s, with a shear-thinning behavior above 1.6
s™!, whereas the PEI-H,SO, (pH = 3) sample had a zero-
shear viscosity value of 4.2 Pa-s and showed shear-thinning
behavior above 2.6 s™'. The higher viscosity of PEI-H;PO,
(pH = S) polymerrich phase could explain their faster
sedimentation and was consistent with the FRAP measure-
ments of droplets of the same sample showing slower intrinsic
dynamics, compared to that of PEI-H,SO, (pH = 3). Overall,
it was astounding to see that these droplets were, in fact, a
result of LLPS and could be thought of as a PEI-based simple
coacervate system formed by the assembly of like-charged PEI
chains assisted by mono/multivalent counterions.
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Figure 4. (a) Schematic of the spatiotemporal dynamics occurring in the protonated PEI samples at the interface of polymer-rich and deficient
phases. (b—g) Optical micrographs showing time-dependent nucleation and growth of fibrous structures from the phase-separated droplets’
surfaces for a 65 uM PEI-H,SO, pH = 3 sample. (h—j) Time-dependent cryo-electron micrographs for PEI-HCI pH = 3 samples. The scale bar
for images (b—g) and its inset is SO ym; for images (h, i), it is 100 nm and (j) is 2 pm.

Charges on the polyelectrolyte chains can be modulated by
changing the ionic strength of the solution, which can affect
the intrachain and interchain interactions. Therefore, it was
imperative to understand the effects of the ionic strength and
different kinds of counterions on the phase-separated droplets.
Keeping the pH constant, the change in the behavior of PEI—
H,SO, (pH = 4 or 3) or PEI-H,;PO, (pH = 6 or S) droplets
was studied upon subsequent addition of NaCl. In both cases,
the addition of 250 mM NaCl triggered the disappearance of
the visually observed turbidity (quantified with a decrease in
the transmittance of the bulk solution (Figures S8 and S9)).
Consequently, now the droplets were also invisible under the
microscope (Figures S8 and S9), indicating that Cl~ ions
disrupt the water structure in the polymer-rich phase and
probably break the bigger droplets into smaller structures,
resulting in a decrease in the turbidity of the solution. This
could be understood by the stronger chaotropic effect of CI~
(as compared to either PO;~ or SO37), similar to that seen in
the case of complex coacervate systems.*>*° Further, a lower
concentration of CI” ions was required to trigger the
disappearance of PEI-H,SO, (pH = 3) droplets compared
to that needed for PEI-H,;PO, (pH = 5) droplets. This re-
emphasized the lower viscosity (from rheology) and faster
dynamics (from FRAP) for the PEI-H,SO, (pH = 3) system
as compared to the PEI-H;PO, (pH = §) system. To ascertain

the chain packing in the droplets, S/WAXS studies were
employed, and the resultant peaks obtained were fitted by
using a correlation-length model (Figure S10). The fitting
provided mesh sizes/correlation length (&); a measure of the
distance over which the concentration fluctuation remains
correlated), given in Table S1. All of the mesh size values are
significantly smaller than the radius of the gyration (Ry; 62 A)
for PEI chains (Figure S11), indicating that the mesh was
formed from the overlapping segments of the different PEI
chains. Interestingly, the mesh size was minimum for each
PEI—acid complex at the pH values which showed higher
turbidity or maximum phase separation. These variations in
correlation lengths with changes in pH for the PEI—acid
complexes highlight the pH-dependent emergence of mesh/
domains with variable local densities across the samples.
Spatiotemporal Dynamics of PElI-Counterion
Liquid—Liquid Phase-Separated Droplets Result in
Structural Transformation to Solid-Like Hollow Fibers.
Changing the pH of the PEI solution to 3 using H,SO, leads to
phase separation into a polymer-rich and polymer-deficient
phase. In an interesting observation, while investigating the
phase-separated droplets of PEI-H,SO, solutions having pH
2.5 to 4, the samples showed slow spatiotemporal dynamics in
the form of morphological phase transition from droplets to
micron-sized hollow fibrillar structures (Figure 4). The fiber
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Figure S. (a) Maximum projection fluorescence intensity images (for 10 s) of PEI stages of growth, observed when stained with NR, (i) Day 0,1:
globular forms; (ii) Day 2,3: accumulation of globular forms into microstructures; (iii) Day 4,5: rod-like shapes; (iv) Day 6,7: the appearance of
fibrillar forms; (v) Day 8,9: initiation of branching in fibrils; and (vi) Day 10,11: branched fibrils form. (b) Spectra of NR-stained PEI from different
days, where Day 0 denotes the preparation of PEI at pH = 3. (c) A bar plot of all the emission spectra of the NR-labeled PEI system collected at

different day intervals. (Statistical analysis of S0 regions per time point).

formation was only seen in this pH range, and occurred at the
interface of the polymer-rich (sedimented) and the polymer-
deficient phase, as shown in the schematic in Figure 4a
(original sample vials shown in Figure S12). These could also
be observed in situ on a sample sealed in a confocal dish and
analyzed for >7 days. Optical micrographs of freshly sealed
samples (Figure 4b) showed spheroidal droplet structures for
the PEI-H,SO, (pH = 3) sample. The droplets were mobile
and could coalesce over time, thereby resulting in bigger
droplets. However, after 24 h, small and high-contrast regions
(possibly due to changes in the refractive index due to changes
in the local concentration of PEI; Figure 4c) emerged in the
droplets. After 72 h, these high-contrast regions transformed
into protrusions, forming some irregular-shaped structures
(Figure 4d).

Similarly, for the PEI-HCI (pH 3) sample, droplets could
also be observed using cryo-SEM (Figure 4h); the length scale
was different. Interestingly, after 72 h, PEI-HCI (pH = 3)
samples showed thin fibers protruding from the surface of the
droplets (Figure 4i), thus suggesting that the high-contrast
regions seen after 24 h in PEI-H,SO, (pH = 3), Figure 4c, to
be the nucleating regions for the fiber formation that protruded
from the polymer-rich droplets to polymer-deficient phase. As
the irregular structures (seen in Figure 4c) grew into fibers
over 4—7 days (Figure 4e/f), the spheroidal droplets from
which the fibers protruded, shrank (Figure S12), and their
curvature changed to form anisotropic structures. After more
than 7 days, many droplets had transformed into thin fibers
that connected over the entire sample area, whereby many

connecting regions were still seen undergoing morphological
transition from droplets to the fibrils (Figure 4g). After 10
days, well-defined and micrometer-sized hollow fibrils could be
seen (Figure 4g, inset). In comparison, cryo-SEM of PEI-HCI
(pH = 3) after 72 h showed mature fibers with a few microns
in diameter and several hundreds of microns in length (Figure
4j). Therefore, it could be thought that as the droplets
coalesced and the polymer chains protonated and self-
associated, a morphological transition from a spheroidal to
fibrillar, coupled with a mechanical transition from a liquid-like
to a more solid-like state, also occurred simultaneously. This
fibrillation of protonated PEI at pH 3 (2.5—4) was also
investigated in the case of H;PO, (Figure S13). It was
observed that in the given time frame of observation (a
maximum of ~18—21 days) the fiber formation occurred at pH
= 3 and was independent of the type of acid used; however, the
diameters varied in the order HCI < H,SO, < H;PO, (Figure
S13). This coincided with the well-known buffering properties
of PEI seen at low pH values. Interestingly, these fibers were
highly robust, solid-like structures, which did not disintegrate
even after 24 h upon dilution, addition of salt, or increase in
temperature/pH, much in contrast to the liquid-like nature and
reversibility of the droplets from which the fibers originated
(Figure S14).

While intriguing, the abovementioned morphological
transitions could be attributed to the protonation gradient
across the cross-section of the droplets. To ascertain this
hypothesis, we monitored the spectroscopic signatures of an
auxiliary dye molecule incorporated into the droplets over
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Figure 6. Liquid—liquid phase separation-mediated droplet formation and self-assembly of branched polyethylenimine chains: Schematic
illustration depicting the phase separation of the homogeneous PEI solution upon the addition of acids, leading to the formation of smaller droplets
with a hydrophobic core can uptake Nile Red dye (shown in red). These smaller droplets undergo fusion and grow in size while simultaneously
taking up protons due to a pH gradient between the droplet surface and its interior. Gradually, the inner hydrophobic region is consumed through
protonation and chain elongation, leading to the emergence of smaller fibrillar structures that eventually form a larger branched network. As this
process progresses, the phase-separated droplets disappear, converting into fibers.

time. Nile Red (NR), a well-known solvatochromic probe,””
exhibits a progressive red shift in its emission spectrum as the
polarity of its surrounding environment increases, making it an
effective tool for tracking local polarity changes during different
stages of PEI assembly. Being a relatively nonpolar dye, NR
was able to effectively stain the PEI droplets as well as larger
hierarchical structures (Figure Sa). This enabled us to perform
spectrally resolved fluorescence imaging (Figure S15) on
individual microstructures stained with NR, thereby obtaining
spatially resolved emission spectra of the polarity probe during
the various stages of self-assembly (Figure Sb).

Among the tested samples, the PEI-HCI (pH = 3) sample
displayed the fastest spheroidal-to-fibrillar transition dynamics
and was thus chosen for NR incorporation. After staining a
fresh PEI-HCI sample with ~200 nM NR (Figure S16),
fluorescence imaging was performed at various time points
ranging from day O to 11. In the Day 0—1 sample, the
predominant population of diffraction-limited spots (~200
nm) (Figure S5a(i)) was observed. From Day 2 onwards,
distinct structural features began to emerge, as these spots
gradually coalesced into larger (400—800 nm) aggregates (Day
2-3, Figure Sa(ii)), which eventually yielded small rod-like
structures by Day 4—S (Figure Sa(iii)). As the process
advanced, fibrillar assemblies became prominent (Day 6-7,
Figure 5(iv)), which progressively developed into longer, more
branched fibrils by Day 8—11 (Figures Sa(v,vi) and S17).
Representative spatially resolved fluorescence spectra of NR-
stained PEI assemblies, collected during the different stages of
growth, are depicted in Figure Sb, clearly revealing a gradual
red shift of the entire spectral envelope suggestive of polarity
change with time. We quantified the shifts in transition
energies by collecting emission spectra from 50 nanodomains

at each time point corresponding to the images in Figure Sa
and extracted the peak wavelengths (Figure Sc). Our analyses
reveal a slight inhomogeneity in the spectral peak positions at
each stage of measurement; however, there is a pronounced
and consistent red shift in the emission maxima, with mean
values from 571.6 (+£5.0) nm on Days 0—1 to 648.9 (+4.8)
nm by Days 10—11 (Figure Sc). The correlation between the
growth of the PEI assemblies and the continuous shift in the
transition energies of NR bound to the respective assemblies
unambiguously reveals a gradual temporal evolution in the
surface polarity. This clearly indicates that the polymer chains
transition from a hydrophobic globular state to a relatively
more hydrophilic fibrillar form.

B DISCUSSION

This study demonstrates that amine-functional polyelectro-
lytes, such as polyethylenimine (PEI), known for their broad
pH buffering capacity, undergo liquid—liquid phase separation
upon protonation with mono-, di-, and triprotic acids (Figure
2). The size, morphology, and viscoelastic properties of the
phase-separated droplets strongly depend on the counterion
valency of the inorganic acid used at a given pH (Figure 2).
For instance, H3;PO, is a weak acid; its pK, values are dictated
by a weak amine-based polyelectrolyte.”® At pH > 3,
multivalent (PO3~, HPO?™), and monovalent (H,PO,”) ions
coexist, which can lead to macrophase separation due to
stronger correlations between PEI chains, as shown in the
literature for other systems.”” "' These macrophase-separated
droplets show a higher viscosity due to the stronger counterion
correlation of trivalent species (compared to divalent ions in
PEI-H,S0,).”” However, at pH < 5, H;PO, predominantly
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exists as a monovalent counterion (H,PO,”) in the presence of
an amine-functional polymer.”® The presence of monovalent
counterions induces comparatively weaker correlations, result-
ing in the microphase separation of PEI chains, thus making
the bulk solution nearly transparent (Figure 2b). In contrast,
H,SO, a strong acid, releases divalent counterions in the
solution. However, at pH below 2, PEI-H,SO, samples also
show a decrease in turbidity, predominantly due to the re-
entrant condensation mechanism®” of PEI chains due to excess
counterions and the resultant ionic repulsions in the solution.
In the case of HC], a strong acid, however, due to monovalent
and small CI~, a weaker correlation and microphase separation
of PEI chains leads to much smaller structures that cannot be
observed under an optical microscope due to diffraction
limitation. Overall, such phase separation occurs due to
interchain correlations between PEI chains, primarily resulting
from the counterion condensation onto the protonated-amine
groups.

Recent MD simulation studies,63 on oligomeric PEI chains
have shown that as the protonation fraction exceeds 0.43
(equivalent to pH ~7), CI” begin to adsorb onto the PEI
chains. A decrease in the potential of mean force (PMF)
between two PEI chains at protonation fractions ranging from
0.5 to 0.71 indicates increasing interchain attraction. Notably,
the fraction of proximal ClI™ counterions around the PEI chains
significantly rises, starting at a protonation fraction of 0.62,
reaching its peak at 0.71 (equivalent to pH ~3 in our case).
Since the total number of counterions in the solution remains
constant, this apparent increase in proximal counterions
suggests counterion sharing between the two chains. However,
at higher protonation fractions of 0.8 and 0.9 (equivalent to
pH ~1), the number of proximal counterions decreases again.
This has been attributed to a decrease in the chain flexibility.

The phase-separated droplets formed by PEI around pH = 3,
irrespective of the acid used, also showed uptake of Nile Red
dye, indicating hydrophobic moieties present in the PEL In
fact, PEI is known for its broad gKa range,“’éb and the
presence of hydrophobic patches.””®” These hydrophobic
patches are common in proton-sponge-exhibiting amine-
functional polymers and contribute to chain interactions and
aggregation that can slow the protonation dynamics.

So, what mechanism drives individual PEI chains of R, ~ 62
A to form fibers with micrometer dimensions by adding acids
to decrease the pH within a certain range? Based on the above
results and discussion, a pathway/mechanism can be proposed,
as shown in Figure 6. Polyethylenimine comprises ethylene
units and primary, secondary, and tertiary amine groups within
the polymer backbone. The amine groups remain unproto-
nated at pH = 10. Upon the addition of acids, the PEI chains
undergo protonation to develop a nonuniform charge
distribution. A counterion condensation follows, causing PEI
chains to correlate with contributions from the hydrophobic
interaction between ethylene moieties. The result is a phase
separation phenomenon that occurs at a certain protonation
level,"" culminating into liquid—liquid phase-separated drop-
lets. Over time, these droplets coalesce and grow, with the
droplet surface essentially comprising PEI chains with
protonated amine groups (due to pH 3 surroundings) that
envelope a hydrophobic core comprising unprotonated PEI
chains.”® Such inhomogeneous protonation behavior (due to
conformational effects) for PEI has been previously shown for
linear chains, which is likely to be much enhanced for branched
PEL This establishes a pH gradient extending from the outer

PEI layers on the droplet surface to the inner core. This is
evident from the spatially resolved spectral imaging of NR-
stained PEI-H;PO, monophasic droplets, which reveals a
polarity gradient from the surface to the core of the droplets
(Figure S18). Sequential and slow protonation of amine
groups occurring over days induces the extension of PEI chains
due to intrachain repulsions, leading to curvature changes
within the droplets appearing as fibrillar protrusions from the
surface. Simultaneously, the hydrophobic cores keep shrinking
in conjunction with the extension and self-association of the
PEI chains, leading to hollow structures. However, some
hydrophobic cores still remained for up to 14 days of
observation. This ultimately transforms the phase-separated
droplets into hollow anisotropic rod-like structures (Figure 6).
These hollow rods, possibly influenced by depletion
interactions,” assemble end-to-end, forming a robust three-
dimensional network of fibers.

To understand how the nature of amine groups affects the
phase separation and spatiotemporal dynamics, other amine-
functional polyelectrolytes, e.g., linear polyethylenimine hydro-
chloride (LPEI'-HCI), poly(allyl amine), and poly(diallyl
dimethylammonium) hydrochloride (PDDAC-HCI) were
also explored (Figure S19). Similar to that in the branched
PEI case, for 65 uM aqueous solutions of these polymers, HCI
and H,SO, were used to reduce the pH to 3. LPEI-HCI (M,
= 4 kDa; initial pH 2.7), predominantly comprising secondary
amines, also formed fibers when NaOH was used to adjust the
pH to 3. However, when H,SO, was employed, LPEI-
counterion complexes precipitated out of the solution (Figure
$20). This suggested that SO3~ invoked very strong
correlations between the LPEI chains, perhaps due to the
linear architecture and the lower molecular weight of the
polymer. However, these effects could not be deconvoluted
further. For another amine-based polyelectrolyte, polyallyl-
amine (PAA; M,, = 17 kDa; initial pH 10.1), also known to
show the proton-sponge effect and comprising only primary
amine groups, the addition of HCI to reduce the pH to 3
resulted in the formation of fibers after 14 days; however, only
solid-like irregular aggregates formed immediately on the
addition of H,SO, (Figure S20). This, again, could be
attributed to a stronger correlation of primary amines with
SO}~ ions at low pH. In contrast, poly(diallyl dimethylammo-
nium) chloride (PDDAC), comprising completely protonated
quaternary amines, did not exhibit phase separation or fiber
formation within the observation period of 21 days. The
distinct behavior of PDDAC highlights the importance of the
requirement of protonable amine-functional groups in driving
phase separation upon acidification. This raises an open
question and the possibility of exploring other amine-based
systems with protonable amine-functional polymers to
determine their potential for phase separation and well-
structured hierarchical self-assembly under similar conditions.

B CONCLUSIONS

We emphasize the subtle role of protonable groups and
aliphatic moieties in amine-functional polyelectrolyte chains,
which, at low pH, interact via counterion correlations and
hydrophobic interactions, respectively. Such interactions give
rise to phase-separated droplets comprising polyelectrolyte
chains with liquid-like ordering. We further highlight the role
of resultant spatial heterogeneity in the local pH within these
droplets, which triggers slow dynamics and droplet-to-fiber-like
higher-order assemblies. Notably, we show that monovalent
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counterions from the acid can exhibit significant counterion
correlations, previously only reported for multivalent counter-
parts. This study, therefore, reports a minimalistic system that
not only undergoes a liquid—liquid phase separation but
subsequently transforms into a solid-like hierarchical structure
driven by counterions, even if they are monovalent. This
provides novel insights into the fundamental principles
governing like-charged polymer self-assembly and, thus,
opens new avenues for designing advanced functional
materials.

B METHODS

Polyelectrolyte Solution Preparation. Polyethylenimine (PEI)
solution of the required concentration was prepared by mixing with
Milli-Q water and then kept for stirring at room temperature for
approximately 6—8 h to ensure maximum dissolution of the
polyelectrolyte. The PEI concentration in the stock sample was
kept higher to achieve the desired concentration after the acid
addition. The acid was added slowly while stirring the solution
without letting the temperature exceed 25 °C. The same procedure
was followed for polyallylamine and poly(diallyl dimethylammonium
chloride). For the linear PEI hydrochloride salt, NaOH was used to
maintain the pH, as the original sample had a pH of 2.7.

For labeling with Alexa Fluor NHS 555 and Alexa Fluor NHS 488,
a very minute amount of the dye was dissolved in 20 yL of DMSO.
The concentration of this solution was determined using a UV—Vis
spectrophotometer. This was then added to 70 uM PEI aqueous
solution at pH 10.6 by slow dropwise addition in a dark room. The
dye-labeled PEI solution was stirred at 8 °C for 24 h. To remove the
excess dye, the dye-labeled PEI sample was dialyzed against MiliQ
water using a dialysis bag with M,, cut off 10 kDa for 48 h; water was
changed every 6 h. The dilution factor of PEI during dialysis was
considered by measuring the PEI solution volume in the dialysis bag
before and after dialysis.

Characterization. Optical Microscopy. For the visualization of
samples, an Olympus inverted fluorescence microscope, IX53, was
used. The instrument was equipped with a mercury arc lamp as the
light source for the fluorescence study, and with an Olympus
excitation filter optics (BP $40—550 nm), (BP 418—442 nm),
dichroic mirrors (DM 570 nm), (DM 495 nm). Emission barrier
filters (BA 575—625 nm) and (LP 542 nm) were used to characterize
the Nile Red, Alexa Fluor NHS 555 and FITC-labeled PEI samples,
respectively. Approximately 100 uL of PEI sample was drop-cast on a
glass slide, covered using a 24 mm coverslip, and then imaged at 4X,
10X, 20X, and 40X magnifications. QImaging MicroPublisher 5.0-
RTV color camera (MPS.0-RTV-RCLR10CA) was used to acquire
the images, and an Olympus cellSens (CS-ST-V1) imaging software
was used for image analysis.

Laser Scanning Confocal Microscopy. 100 uL aliquot of dye-
tagged PEI sample was taken in a glass bottom culture dish and
observed utilizing a laser scanning confocal microscope (LSM 780,
Carl Zeiss, Germany). The observation utilized a range of objectives,
including Plan-Apochromat 10X/0.45 NA (air), Plan-Apochromat
40%/1.3 NA (oil), iPlan-Apochromat 63%X/1.4 NA (oil), and iPlan-
Apochromat 100%/1.4 NA (oil), at ambient temperature. Z-stack
images were captured using a photomultiplier tube detector, and for
specific cases, the maximum intensity projection was obtained using
Zen software.

Cryo-Scanning Electron Microscopy. Imaging of small spheroidal
structures and the final fibers was done using the cryo-mode on JEOL
JSM-7600F scanning electron microscope. To image freshly prepared
samples, PEI solutions of 65 uM concentration were prepared. The
pH of the solution was adjusted to 3 by adding 6 N of HCI solution.
The resulting solution was immediately centrifuged at 10,000 rpm and
20 °C for 10 min. The residue obtained after centrifugation was drop-
cast on carbon-tape-covered copper stubs. Subsequently, the samples
were frozen utilizing liquid nitrogen, subjected to platinum sputtering
for 1S min, and physically fractured with a knife.

UV—Visible-Based Transmittance Measurements. Transmission
measurements were performed by using a Cary 100 UV-—visible
spectrophotometer to trace the nucleation process in freshly prepared
samples. Visible light of 600 nm wavelength was chosen to measure
the change in % transmittance of different pH samples over time.
Fresh PEI solutions of 65 M concentration were prepared of pH
range 1—10 using HCI, H,SO,, and H;PO,. All experiments were
repeated at least in triplicate.

Fluorescent Recovery after Photobleaching (FRAP). To probe the
relative intrinsic dynamics of PEI chains within the phase-separated
droplets, fluorescence recovery after photobleaching (FRAP) experi-
ment was performed by labeling polyethylenimine samples. FRAP
operates on the deceptively simple principle of irreversibly photo-
bleaching a fluorophore attached to a macromolecule using a high-
intensity laser. The intensity of the bleached region is then monitored
over time as the bleached molecules exchange with surrounding
unbleached molecules in a dynamic system.’>’° Fluorescent intensity
in the selected ROI is plotted versus time to obtain a FRAP curve.
Comparing the recovery profile obtained from averaging the data over
three different phase-separated droplets for both the samples, half-
time of recovery (7,/,) was calculated. The half-time of recovery (z,/,)
is the time gap between initial bleaching and the point where the
sample recovers half of its maximum intensity value.”"

Alexa Fluor 555 NHS ester dye labeling was done in the stock PEI
solution at pH = 10.6 before adjusting it to pH = 3 using 6 N H,SO,
or pH = 5 using 6 N H;PO,. It should be noted that the
concentrations of PEI used in the PEI-H,SO, (pH = 3) sample and
PEI-H,PO, (pH = 5) were 65 uM and 30 uM, respectively. In 30
uM PEI-H,SO, (pH = 3) samples, the phase-separated droplet size
was much smaller, leading to a significantly low signal-to-noise ratio,
while the 65 uM PEI-H;PO, (pH = S) sample showed jammed
droplets. For these experiments, bleached, unbleached, and back-
ground intensity data were collected using Zeiss ZEN 3.9 software,
and the data were processed using the FrapBOT webtool’” with
double normalization, taking into account the correction for the
difference in the initial intensity of the bleached region and loss in
overall fluorescence by acquisition bleaching. The data fitted to a
single exponential model for PEI-H,SO, (pH = 3) and double
exponential model for PEI-H PO, (pH = S) samples. The mobile
fraction values obtained for PEI-H,SO, (pH = 3) sample and PEI—
H;PO, (pH = S) sample was 0.93 and 0.90, respectively.
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