Downloaded via NORTH CAROLINA STATE UNIV on April 6, 2024 at 04:07:03 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LANGMUIR

pubs.acs.org/Langmuir

Colloidal Engineering of Microplastic Capture with Biodegradable

Soft Dendritic “Microcleaners”

Rachel S. Bang,# Lucille Verster,” Haeleen Hong, Lokendra Pal, and Orlin D. Velev*

Cite This: Langmuir 2024, 40, 5923-5933

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The introduction of colloidal principles that enable efficient microplastic
collection from aquatic environments is a goal of great environmental importance. Here, we
present a novel method of microplastic (MP) collection using biodegradable hydrogel soft St
dendritic colloids (hSDCs). These dendritic colloids have abundant nanofibrils and a large e b @ A4
surface area, which provide an abundance of interfacial interactions and excellent 2
networking capabilities, allowing for the capture of plastic particles and other contaminants.
Here, we show how the polymer composition and morphology of the hSDCs can impact
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the capture of microplastics modeled by latex microbeads. Additionally, we use colloidal

DLVO theory to interpret the capture efficiencies of microbeads of different sizes and surface functional groups. The results
demonstrate the microplastic remediation efficiency of hydrogel dendricolloids and highlight the primary factors involved in the
microbead interactions and adsorption. On a practical level, the results show that the development of environmentally benign
microcleaners based on naturally sourced materials could present a sustainable solution for microplastic cleanup.

B INTRODUCTION

The boom of plastic production and increasing consumer
demand for industrial products has accelerated worldwide
microplastic (MP) accumulation at a startling rate.'~® Millions
of tons of discharged Plastic are accumulated within the ocean
floors and surface.”~"" MPs have been described as a plurality
of mostly particulate contaminants'” that can potentially be a
significant risk to the environment” ™" and human
health.”®'°~"® They are one of the few global environmental
change (GEC) factors that are both physical and chemical in
nature.'” MPs are loosely defined as plastic particles of less
than 5 mm. More recently, they have been designated with a
lower limit of 100 or 1000 nm, below which these particles are
considered nanoplastics (NPs).”"~** In this Letter, we will use
the term MP more broadly to encompass both MP and NP
sizes.

Due to the colloidal size scale of MPs, there are fundamental
changes in their behavior that differ from the corresponding
macroscale properties.15 For example, their size allows for
faster transport by multiple mechanisms across the total
environment, ie. land, aquatic, and atmospheric ecosys-
tems.'>*»** Additionally, the large surface area of MPs can
inadvertently collect a variety of microorganisms, pathogens,
and toxins, much more than particles of larger sizes, and can
negatively impact the health of animals and humans that have
ingested or inhaled the plastic particles.'>'**>>%2¢

One major problem with MPs in the environment emerges
from the fact that most collection and removal methods for
large plastic waste cannot be used for MP particles due to their
small size.”” "> Many current techniques of MP separation are
based on standard methods such as filtration and centrifuga-
tion. These techniques have scale-based efficiency limita-
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tions and may be energy-intensive, time-consuming, and

cost-prohibitive.”* Techniques that target other MP character-
istics, e.g., density, show promise but may be complicated to
implement and lacking in throughput.”® Ultimately, reducing
and eliminating MPs in the environment relies on limiting
single-use plastic products and replacing them with alternatives
such as bioplastics.*>*® However, even if such environmentally
oriented technologies are adopted today, an enormous amount
of synthetic polymers are already discarded in the environment
and will release MP particles that will need cleanup for many
years to come.

Designing novel MP capture solutions requires consid-
eration of colloidal fundamentals since many MPs fall within
the colloidal size range of 1 nm to 1 um.>” MP remediation
methods based on interfacial interactions may be the key to
efficient removal of MP from water. Coagulation and
flocculation are methods that leverage surface interactions to
separate suspended particles, including MPs, in wastewater
treatment plants.”®~*" Despite their efficacy in particulate
removal,*' the use of chemical coagulants may be undesirable
in many situations as a large amount of compound is required
and it can be difficult to thoroughly remove the used
coagulants from the water.*"** Overall, MP pollution is a
pervasive problem that has been difficult to address.
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Figure 1. Overview of chitosan (CS) hSDC making and operation. (a) Schematic of hSDC formation through ionic cross-linking within turbulent
flow. (b, c) Initially, latex microbeads are captured along the surface of the dendricolloids without significant conformational change. (d) As the CS
hSDCs become saturated with microbeads, the hSDC-bead complex forms denser aggregates. Corresponding brightfield microscopy images of CS
hSDC particles at different stages of microbead collection are shown at the bottom.

Here, we develop and test a new concept of MP collection
that relies on polymer particle interfacial properties and
interactions in order to capture model MP particles (Figure 1).
Hydrogel soft dendritic colloids (hSDC) are produced through
a multiphasic liquid shear-based fabrication technique within
high-energy fluid-dissipative conditions (Figure la)."”> The
hSDCs have a hyperbranched fibrous corona with individual
fibers ranging in diameter from nanometer to tens of
micrometers and having a large excluded volume, which
endows them with properties advantageous in applications
such as coatings, nonwovens, and rheological modifiers.”*~*¢
The abundant nanofibrils and their large surface area provide
excellent networking capabilities*”** and a propensity for
strong adhesion via van der Waals (vdW) forces and “contact
splitting” (Figure 1b).** As shown in detail here, these
characteristics give them the potential to capture a significant
number of particulate contaminants from polluted water. The
mechanisms of MP capture investigated here are based on
interfacial interactions, which are abundant due to the hSDC'’s
large surface area and fewer size-based limitations than
conventional methods.

The need to perform the capture and environmental
remediation of MPs from natural water bodies leads to
additional restrictions on the type of material that can be used
for hSDC “microcleaners”. Given that some of the hSDCs
could remain dispersed in the aquifers, they need to be made
from biodegradable polymers, allowing for the degradation of
residual hSDCs into natural byproducts. Thus, the majority of
experiments reported here were performed with hSDCs
produced from two bioderived and biodegradable polymers
following the methods in Williams et al. (Supporting
Information (SI) Figure Slab).” The first one is chitosan
(CS), a deacetylated form of chitin commonly derived from
the exoskeletons of crustaceans.”’ ™' CS is positively charged
(Figure Slc) at lower-pH conditions and could find medical
applications due to its antibacterial properties.”” The second
biopolymer is sodium alginate (SA), which is extracted from
various brown seaweed species. It is used in a wide range of
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industries such as food packaging,53 biomedicals, pharmaceut-
icals,*>> and adhesives®® due to its gelation and film-
producing capabilities. It is negatively charged across a range
of pH conditions due to its carboxyl groups (Figure S1d).
We prepared samples of soft dendritic microcleaners and
characterized their MP capture efficiency as a function of their
morphology, polymer composition, and medium conditions.
Commercial, surfactant-free, monodisperse polystyrene (PS)
latex microbead dispersions were used as model MPs, the
capture of which was evaluated under various salinity and pH
conditions. In the course of data analysis, we initially
investigated the feasibility of a simple particle packing model
for predicting microbead adsorption. Then, we examined the
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory,
which considers a combination of electrostatic double-layer
and vdW forces,”’ " for a potential interpretation of the
interactions that promote microbead—SDC adhesion.

B EXPERIMENTAL SECTION

Chemicals and Materials. The biopolymers used for synthesizing
hSDCs were CS (low M,,, ~77% deacetylated, Sigma-Aldrich) and SA
(Sigma). Trisodium citrate dihydrate (NaCit) (Fisher) and calcium
chloride (CaCl,) (Sigma) were used as ionic cross-linkers for CS and
SA, respectively. Acetic acid (HOAc) (Acros Organics) was diluted to
1.5% as a solvent for CS. Sulfonated PS (S-PS) latex microbeads
(surfactant-free 0.82 and 1.8 pm microbeads from Thermo Fisher
Scientific, 0.25 pm from Bangs Laboratories Inc.) and amidine-
functionalized PS (A-PS) latex microbeads (1 ym from Thermo
Fisher Scientific and 3.19 ym from Life Technologies) were used as
model MPs. Sodium chloride (NaCl) was obtained from Sigma-
Aldrich and was used for testing various ionic strengths. Hydrochloric
acid (HCl) (Sigma-Aldrich) and sodium hydroxide (NaOH) (Sigma-
Aldrich, reagent grade, >98%, anhydrous pellets) were used to adjust
the pH of the samples.

Fabrication of Biodegradable CS and SA SDCs. Turbulent
flow conditions were produced using a lab-scale colloidal mill (IKA
Magic Lab with MK module, IKA Works, Germany) at speeds up to
26,000 rpm (approximately 433.3 s7'). CS was dissolved in 1.5%
HOAc and SA in water. The CS and SA solutions were injected
directly into the shear zone of the colloidal mill and ionically cross-
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PS latex
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Figure 2. Capture and removal of sulfonated PS latex microbeads by CS hSDCs. (a) The hSDCs collect a significant number of microbeads from
water and then sediment. (b) The microbeads are expected to pack tightly around the dendricolloid fibers. (c) SEM images of dry CS hSDC and
microbead aggregates show how the beads can be captured by individual thin CS fibers (top) and fully enveloped by an SDC aggregate (bottom).

linked within turbulently sheared aqueous solutions of 25 mM NaCit
and 13 mM CaCl,, respectively. The collected hSDC particles were
washed several times with deionized (DI) water before storage in DI
water in a fridge. The dry weight percentages of the suspensions were
determined by the weight differences between the wet and dry
suspension weights. Water was removed or added to the suspensions
to match the hSDC concentrations across the experiments.

Cylindrical hydrogel microrods were produced in less turbulent
conditions by injecting of 3 wt % CS solution at 0.05 mL/min into
NaCit solution stirred with a magnetic stir bar (200 mL of cross-
linking medium in a 250 mL beaker, with a stir bar speed of 100 rpm).
Hydrogel chunks were produced by homogenizing hSDCs (IKA
Ultra-Turrax) at 12,000 rpm until broken into smaller pieces. CS
particulate chunks were produced by physically grinding the CS
powder with a mortar and pestle. CS particle samples of 0.15 mg dry
weight CS were suspended in DI water with microbead concen-
trations ranging from 4.2 X 10% to 1.7 X 10" microbeads/mL.

Imaging. Brightfield and fluorescence microscopy (Olympus BX-
61) were used to confirm and characterize the dendritic particles and
visually inspect the degree of microbead capture. Scanning electron
microscopy (SEM, FEI Verios) was used to observe CS hSDC fiber
entanglement around bead aggregates. Due to the exceptional
thinness of the hSDC fibers after drying on the SEM sample stub,
the samples were not sputter-coated.

Microbead Capture Tests and Evaluation of the Number of
Captured Microbeads. Microbead dispersions of various concen-
trations were made from stock dispersions. These stock solutions were
sonicated each time before being added to the experimental samples.
During the experiments, most of the samples had a medium of pure
DI water or 0.6 M NaCl to represent the natural salinity of the
596! Tn experiments where the effects of pH were investigated,
no salt was added and the pH was adjusted with small volumes of HC]
or NaOH solutions. The pH values of the samples ranged from 4 to
8.5.

The hSDCs in the form of aqueous suspensions were carefully
pipetted into the samples with microbead dispersions. These samples
were vortexed for &5 s to promote mixing and microbead adsorption.
The samples were then allowed to settle. Stoke’s law (SI 1.1) was used
as a reference for a time frame in which to collect the supernatant, but
after gravimetric separation, the supernatant was checked microscopi-
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cally to ensure that no hSDC-bead aggregates were present. Once the
supernatant was confirmed to contain “uncaptured” microbeads,
approximately 300 uL of the supernatant was collected for absorbance
measurements. The absorbance was measured using a plate reader
(490 nm, Synergy MX multimode microplate reader, BioTek, Santa
Clara, USA). Calibration curves were made to correlate absorbances
with known concentrations of microbeads. The Beer—Lambert Law
was used to determine the concentration of beads that are not
captured by the hSDCs, and further details are described in
Supporting Information (SI 1.2).

The microbead collection data have been normalized by the mass
of microbeads collected versus the mass of polymer from the hSDCs.
While the authors acknowledge that normalizing adsorption data by
surface area is more informative, current methods make it difficult to
estimate the hSDC surface area.

Zeta Potential Measurements. The zeta potentials of SDCs and
latex microbeads were measured using a Nano Zetasizer (Zetasizer
Nano ZSP, Malvern, UK) with a dip cell (ZEN1002, 2 mm electrode
gap). The ionic concentration was 0.1 mM NaCl. The samples were
set to a specific pH with dilute solutions of HCl and NaOH. The CS
hSDC samples were freeze-dried and then redispersed in water. The
solution was then homogenized at 12,000 rpm for 10 min to break the
fibers into roughly spherical particles. Next, the homogenized
suspension was washed with DI water and left to rehydrate and
undergo a gravimetric separation fully. Finally, the smaller, less
polydisperse hydrogel chunks near the top of the supernatant were
collected and used for zeta potential measurements. Later on,
additional zeta potential measurements were taken without freeze-
drying to ensure that freeze-drying and rehydration of CS did not
affect the zeta potential measurements. All other tests measuring
hSDC zeta potential were done without the freeze-drying step (Figure
Slc,d).

B RESULTS AND DISCUSSION

Experimental Setup and Choosing of the Initial SDC
Polymer. The initial experiments focused on systems of
negatively charged S-PS latex microbeads (0.82 ym diameter),
to which we added small amounts of CS hSDCs. We observed
that individual CS hSDCs, typically having a hierarchically

https://doi.org/10.1021/acs.langmuir.3c03869
Langmuir 2024, 40, 5923—-5933


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03869/suppl_file/la3c03869_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03869/suppl_file/la3c03869_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03869/suppl_file/la3c03869_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03869/suppl_file/la3c03869_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03869/suppl_file/la3c03869_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03869?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03869?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03869?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03869?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c03869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

branched fibrillar structure of a couple of hundred microns in
overall size,*”* and slight positive charge (made of CS with
pK, = 6.5) readily collect the suspended microbeads as the
branches of the dendritic particle adhere to the microbeads.
Due to the hSDCs’ large, interconnected surfaces, individual
dendricolloids form extensive networks, which “trap” the
captured microbeads into the entangled fibers (Figure 1c). The
heteroaggregation of latex beads and hSDCs eventually results
in the formation of condensed aggregates (Figure 1d). These
large microbead—hSDC clumps were easily separated from the
uncollected “free” microbeads due to their rapid gravitational
sedimentation (Figure 2a and SI 1.1).

The large surface area of the hSDCs allows for massive
microbead capture on the dendritic fibers (Figure 2b). An
SEM image of a large aggregate of S-PS and CS hSDCs, of one
or potentially a few SDCs combined into one aggregate, is
shown in Figure 2c. Microbeads near the center of the
aggregate are seemingly trapped near the thicker CS backbone,
while the microbeads near the periphery outline the branched
fibers “bridging” the gaps between the microbeads. We
estimate that this specific aggregate of hSDCs contains a
minimum of &2000 captured beads. Thus, the hSDCs are
shown to be a highly efficient means of polymer colloid
collection and removal. A more detailed analysis of the
aggregated and separated masses by SEM (Figure S2) reveals
that most of the beads are captured on the SDC fibrils,
although a few free beads are also present, likely as a result of
being dragged down by the aggregates.

Next, we characterized the role of the material of the SDCs
and the beads on the aggregation efficiency. These experiments
included hSDCs of two compositions, CS and SA, as well as
(nonhydrogel) SDCs from two common synthetic polymers,
cellulose acetate (CA) and polystyrene (PS). These
dendricolloids of different polymeric origins were introduced
into concentrated suspensions of S-PS latex microbeads
(Figure 3a). Initially, the CS hSDCs, which have positive
ionic charges, were qualitatively observed to be most eflicient
in microbead collection (Figure 3a). Thus, we hypothesized
that the electrostatic interactions were a major force of
microbead adsorption onto the dendritic particles. However,
the other slightly neutral or negatively charged dendricolloids
captured some microbeads as well, albeit not at the same level
of efficiency as CS hSDCs (Figure 3b). These observations
suggest that vdW interactions are a major driving force for
microbead capture by the SDCs. This is not surprising as vdW
interactions were earlier found to play a crucial role in the
adhesivity of SDCs.”> Thus, the adsorption of polymer
microparticles to the CS hSDCs is driven by the combined
effect of attractive electrostatic and vdW forces.

Role of SDC Morphology in Microbead Capture. After
confirming that CS hSDCs can serve as efficient microcleaners,
we characterized the role of their morphology and gel-like
characteristics on the capture efficiency. Several CS morphol-
ogies, including dendricolloids, cylindrical rods, precipitated
chunks, and ground chunks, were fabricated as described in
Experimental Section and shown in Figure 4a.

We found that the CS hSDCs and hydrogel chunks
consistently had the highest microbead capture efliciencies
across a range of initial bead concentrations (Figure 4b). The
hydrogel rods did not perform consistently, which could be
due to their lower surface area to volume ratio and a larger
inherent polydispersity of the hydrogel rod suspensions that
are a new material made by an ad-hoc procedure.”> The

5926

Chitosan (CS)

Sodium Alginate (SA)

Cellulose acetate (CA)

Polystyrene (PS)

b . . . . .
m CS A SA
3 L] PS CA
3 .
= |
g 10e® .
g5 1
38 |%E
© S N
E] S |
Q ~. ~.
© <3 N
S 14 4 om
K] & ~
g :
1]
. : . : 2
0 20 40 60 80 100

SDCs Added, Dry Weight (ug)

Figure 3. Polymer material used in the SDC microcleaners affects the
efficiency of latex microbead capture. (a) Two biosourced hSDCs (CS
and SA) and two synthetic polymer SDCs (CA and PS) were
introduced to a microbead suspension and imaged after some time to
determine the level of microbead capture. CS hSDCs outperform
dendricolloids fabricated from different types of polymers. (b)
Correlation between the mass of 0.82 um sulfonated-PS microbeads
captured per mass of the polymer (dry weight). Dotted lines follow
the general data trends.

ground CS chunks did not perform well, especially at higher
initial microbead concentrations (approximately 2.5-fold lower
microbead capture per gram of dried CS than CS hSDCs at
11.3 X 10 microbeads/ mL). This is likely because the “ground
chunks” are finely grounded CS powder and are not
considered a hydrogel, unlike the “chunks”, which are smaller,
nondendritic hydrogel particles fabricated through nonsolvent
precipitation in the liquid shear-based technique. The lack of
hydrogel characteristics may have led to a reduced adsorption
efficiency. These observations suggest that the large surface
area and excluded volume of the dendricolloids’ nanofiber
coronas are essential in microbead capture through interfacial
adhesion and entanglement in the nanofibrils.

Identifying the Dominant Interactions in Microbead
Adsorption. The initial results show that CS hSDCs are able
to effectively capture microbeads even in solutions with high
salt concentrations (Figure S3). Thus, our next goal was to
identify and analyze the dominant interactions guiding
microbead adsorption and capture. In these experiments,
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there was no significant effect in the microbead collection. (b) Dendricolloid particle conformation changed with pH, leading to condensed
agglomerates above the pK, of CS. Microbead capture was slightly better at higher pH conditions, despite the agglomerated conformations. Note
that approximately 300X more CS hSDCs were added to the samples for the pH variation experiments, resulting in smaller ratios of beads

captured/CS. Dotted lines follow the general data trends.

approximately S ug (dry weight) of CS hSDCs was used in
each sample. First, the role of electrostatic interactions was
evaluated by varying the ionic concentration of the microbead
suspensions. Increased salinity screens electrostatic interactions
by decreasing the Debye length, a measure of how far a
particle’s net electrostatic charge will persist in the solution.>®
Initially, we expected that higher ionic concentrations would
significantly reduce the degree of microbead adsorption since
we hypothesized that the CS hSDCs would agglomerate in an
ionic medium of approximately 0.6 M NaCl (a salinity similar
to marine conditions)®”®" due to surface charge suppression.
However, the salinity of the medium did not significantly affect
the number of microbeads captured by the hSDCs across a
broad range of salt concentrations (Figure Sa). Additionally,
control experiments were done in varying salinities with only
microbeads and no SDCs added and it was found that the
percentage of sedimented microbeads was relatively small
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compared to samples aggregated with SDCs and with much
smaller aggregates of the beads (Figure S4).

One other notable observation in the ionic media variation
experiments was the SDC fibril re-expansion at high salinity
(top images of Figure Sa), which was unexpected, as the charge
is expected to be diminished at high ionic strengths. However,
a theoretical study by Moncho-Jorda et al. predicts an
inversion of particle net charge in microgels.”* Specifically,
this occurs when short-range interactions between the
counterions and the charged microgel polymer chains enhance
counterion adsorption on the surface, which may provide one
possible explanation for why the CS hSDCs adopt an expanded
conformation under high salt conditions (Figure Sa).
Regardless, the sustained performance of CS hSDCs suggests
a predominant contribution from vdW forces to microbead
adsorption, which ensures MP capture in high-salinity
environments such as oceans.
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SDCs in a less dense packing formation.

The eftect of CS surface charge on the electrostatic
interactions was investigated via microbead capture at varying
pH without added salt, similar to other studies.”> The zeta
potential data, measured in a low-salinity medium (0.1 mM
NaCl), listed in Table S1 and plotted in Figure Sb indicate an
approximate isoelectric point of the CS hSDCs around pH 7.
Excess surface charge below the isoelectric point leads to CS
hSDCs with expanded conformations, and we observe a
transition from expanded to an agglomerated hSDC con-
formation above the isoelectric point (Figure Sb). The
agglomerated conformation is likely a result of neutralized
amine groups and increased interparticle hydrogen bond-
ing.64’65 We expected that the dendricolloids would exhibit
larger microbead adsorption under more acidic conditions
since CS hSDCs would have a more positive zeta potential and
expanded conformations. However, slightly more pronounced
microbead collection was measured at higher pH conditions
between 7.5 and 8.5 (Figure Sb). The lower microbead
adsorption in more acidic conditions could result from possible
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swelling and higher hydration of the hSDCs.%” Overall, the
investigations in varying ionic media and pH levels suggest that
vdW interactions play a predominant role. This explains the
consistently high microbead capture across all tested ionic salt
and pH range conditions.

Role of Microbead Size and Functional Groups in
Microbead Capture. The next investigated key factor was the
effect of microbead size on CS hSDC capture performance.
One larger size and one smaller size S-PS microbead samples
(0.25 and 1.8 pm, respectively) were tested alongside the 0.82
p#m microbeads. The experiments were conducted at pH 8 and
high-salinity conditions (0.6 M NaCl) to ensure electrostatic
charge screening. CS hSDCs showed the highest level of
capture of the 1.8 ym S-PS microbeads, collecting approx-
imately 1000X more mass (g microbeads per g of dried CS)
than 0.25 pm microbeads (Figure 6a). Yet, the number of
microbeads absorbed per mass of CS was similar for all
microbead sizes (power function slopes ~ —1.0 for 0.25, 1.8,
and 0.82 pm, and slope of —1.3 for 0.82 ym if the data point
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for 100 ug CS hSDCs is omitted due to low sample number)
(Figure 6b).

Amidine (A-PS) microbeads (1.0 and 3.18 ym diameters)
were used to characterize the effect of surface functional
groups on the microbead collection. Again, all samples were
made under high-salinity conditions (0.6 M NaCl). Initially,
pH conditions of 4 and 8, at which A-PS has a positive and
negative charge, respectively (Table S1), were used to
investigate the collection of 1 um microbeads (Figure SS).
SA hSDCs were compared to CS hSDCs to examine how their
polymer composition affects microbead adsorption; results and
discussion are given in the SI

As expected, and similarly to the S-PS microbead collection
result trends, both CS and SA hSDCs collected a greater mass
of the larger A-PS microbeads (Figure 6c). Yet, when we
compare the number of different-sized microbeads collected
per gram of dry hSDC, we observe that the capture efficiency is
similar when comparing the CS hSDCs (slopes of fitted power
function ~ —1.0) and SA hSDCs (slopes of fitted power
function ~ —1.3) (Figure 6d). We expected that the microbead
size would affect the microbead packing around the SDC fibers
and the number of adsorbed microbeads. However, this was
not apparent when estimating the number of microbeads
collected per unit mass of CS hSDC (Figure 6b,d). To
estimate the maximal microbead adsorption amount onto the
hSDCs, we evaluated the densest packing around the
dendricolloid fibers for each microbead size by calculating
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the number of beads that would fit tightly around a cylinder
(SI 1.3, Figure S6, and Table S2). The sphere—cylinder
conformations for a number of microbead sizes are shown in
Figure 6e. A maximum number of five microbeads of 0.25 ym
diameter can pack tightly around a model fibril that is assumed
to be of 0.2 ym diameter (based on image analysis of the outer
SDC branches). Only two or three microbeads of 1.8 and 0.82
pum diameters, respectively, were able to fit around this fiber.
While we did not expect the number of microbeads collected
to be equal to the idealized maximal dense packing, as
microbeads likely assume random packing configurations,” the
densely packed model definitely did not match the
experimentally observed trends.

The small difference in the number of captured microbeads
of various sizes may be attributed to several factors. Rather
than single-point adsorption as in the idealized particle
“packing” model, fiber entanglement and wrapping around
the microbeads or with each other, as seen in Figure 2c, may
be more realistic. While the close packing model assumes
beads tightly organized around a fiber (Figure 6e), random
bead adsorption would hinder maximum surface coverage, as
the already captured beads would not be optimally placed to
allow for close-packed adsorption (Figure 6f). These results are
consistent with SEM observations of adsorbed beads that allow
for some gaps along the adsorbed chains and are entangled in
multiple fibrils, as shown in the inset of Figure 6f and Figure
S7.
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While the packing model and trends from random sequential
adsorption studies show increased surface area coverage as the
bead diameter decreases,®® the difference in surface area
coverage may be insignificant with the range of microbead sizes
tested. Although unexpected, the ability to collect the same
number of microbeads regardless of size is an interesting
finding that may aid in the further development of soft-matter
MP cleaners.

Evaluations of Interactions Based on DLVO Theory.
The attractive bead—SDC fibril interactions are obviously
critical for microcleaner operation. We hypothesized that there
is a competition of interactions between the SDC fibers
(SDC—-SDC) and microbeads (microbead—microbead) them-
selves. We used classical DLVO theory models to evaluate and
compare the roles of the electrostatic and vdW interactions
(the basis of DLVO models) within the system. The same fiber
dimension (R, = 0.1 ym diameter) used in the above packing
model was used here.

We considered three types of colloidal interactions in our
system: interactions between identical PS microbeads modeled
with “sphere—sphere” geometry, interactions between SDC
branches modeled with “crossed-cylinder” geometry, and two
models for interactions between PS microbeads and SDC
fibrils (Table S3). Common sphere—sphere and crossed-
cylinder models®® were used to calculate the interactions
between the S-PS microbeads and the CS fibers, respectively. A
constant-potential surface element integration (SEI) model by
Li and Chen was used to describe more accurately the
interactions between S-PS microbeads and CS fibers (Table S3
and Figure S8).°” Other sphere—sphere models were also
considered, and the differences between the different electro-
static approximations are seen in Figure S8. Ultimately, the SEI
model was chosen as it is expected to better represent the
interactions of a “sphere—cylinder” geometry with an opposite
charge. The Hamaker constant (A;), which dominates the
vdW potential,57 for the microbeads was approximated based
on literature values.’® The Hamaker constants, A, for the
hydrogel SA and CS hSDCs were estimated by first
approximating A, for pure SA and CS from the materials’
refractive indices (SI 1.4).

The evaluation of the interactions between microbeads
(Figure 7a) and between SDCs (Figure 7b) shows that the
electrostatic forces dominate over the vdW forces at short
distances in low salt conditions. Both the electrostatic and vdW
interactions in the system of microbeads and SDCs are
attractive (Figure 7c). The microbeads and hSDCs are strongly
attracted to each other and less attracted to themselves. The
combined magnitude of bead—SDC fibril interaction energy is
greater than the thermal energy, kT, below the dimensionless
distance of 1.73 d/R, i.e., there will be sufficient attractive
energies between the microbeads and hSDC fibers when the
particles are closer than 0.173 ym from surface to surface.”®
Thus, once the microbeads closely approach the hSDC fibers,
they will be captured irreversibly.

In the experiments reported in Figure 6 (0.6 M NaCl
solution), the DLVO model showed dominant attractive vdW
interactions and minimal electrostatic interactions due to
charge screening (Figure 7d,e and Figure S9). The combined
interactions between various sizes of S-PS microbeads and CS
hSDCs show lower interaction with smaller microbead sizes.
This may explain why the number of captured 0.25 ym beads
is similar to that of the larger beads despite the potential for
denser microbead packing. Furthermore, Figure 7e shows that
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SA hSDCs have lower vdW interactions with the microbeads
due to the smaller A;, as calculated for SA.

Overall, the DLVO theory provided insight and a feasible
initial interpretation for the microbead capture results. It
confirmed the competition of interactions between the two
components in the system and confirmed the predominant
contribution of the vdW interactions in media of high ionic
concentrations. It also provided an explanation as to why
agglomerated CS hSDCs performed better at higher pH
conditions—agglomerated fibers may be “seen” as larger fibers
by the microbeads, leading to larger vdW interactions (Figures
S7 and S10). While DLVO does not account for all types of
interactions that could take place in our model or in
environmental samples, it provides a facile tool for initial
data interpretation.

Bl CONCLUSIONS

The results highlight the potential for using biodegradable soft
dendritic colloids for the efficient collection of MPs. The
hierarchical fibrillar morphology, large surface area, and
attractive interfacial interactions of the dendricolloids enhance
the adhesive capture and aggregation of large numbers of
polymer microparticles. We found that CS hSDCs efficiently
capture negatively charged S-PS microbeads in low- and high-
salinity environments and across various pH conditions. The
SDCs show similar performance in microbead collection to
some commonly used flocculants in wastewater treatment
plants.”””® However, the naturally derived CS SDCs are likely
to be much less detrimental to aquatic life when used in open
aquifers and may have the benefit of easier removal after
microbead collection compared to that of the molecular
flocculants. Additionally, we show that by the use of vdW
forces, we can collect microbeads with a wide range of different
functional groups and surface charges.

Interestingly, the amount of microbeads collected per gram
of CS and SA hSDCs remained relatively constant with the size
of the collected beads. Our hypothesis on the maximal packing
efficiencies was not verified, as the results suggest that the
microbeads may not have a single point of contact but rather
become entangled or “wrapped” by the hSDC fibers (Figure
S7). Alongside the empirical results, the consideration of the
DLVO models points out that the vdW interactions are the
dominant origin of attraction, especially at high-salinity
conditions. Even in low salt concentration media, the overall
attraction between the SDCs and the microbeads predom-
inates the repulsive interactions between the SDC particles and
microbeads themselves. Since the degree of branching controls
the SDC properties that allow them to gel easily*’ and form
pastes for 3D printing,"’ we expect that it can be used to
further adjust the hSDC mode of action into specific types of
polluted water.

Future work should be done to confirm the SDC’s
performance in collection of nanosized plastics and weigh in
the influence of other MP surface properties, i.e., roughness or
the presence of biofilm, on the collection efficiency. It is
important to note that this paper reports data on the collection
of monodisperse suspensions of model microbeads. It could be
expected that the inherent polydispersity of real-world samples
may affect the rate of microbead collection.”"”* Thus, future
investigations should consider methods of testing the hSDCs
efficiency with polydisperse suspensions of microparticles.

The ubiquitous problems in MP remediation stem largely
from the colloidal scale size of the nanodispersion and MP
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dispersion.”® We expect that the SDC microcleaners can
circumvent the size limitations of many conventional methods
of MP collection by using capture methods that harness the
interfacial interactions in such systems. We hope our findings
will help accelerate method development for water remedia-
tion, focusing on interfacial properties. Importantly, the use of
bioderived and biodegradable matrixes for these microcleaners
could lessen the environmental impact and carbon footprint of
such MP cleanup procedures. The further development of MP
cleaning processes based on SDC would require the inclusion
of mechanisms for SDC dispersal, followed by their flotation to
the surface after the capture of the MP targets. Our team is
working on achieving these goals by means of active lateral and
vertical motility of SDC microcleaners organized in supra-
particle assemblies.
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