Environmental Science: Water Research & Technology

Science
Woater Research & Technology

ﬁ) Enwronmental

Phosphate-binding protein-loaded iron oxide particles:
Adsorption performance for phosphorus removal and
recovery from water

Journal: | Environmental Science: Water Research & Technology

Manuscript ID | EW-ART-01-2024-000052.R1

Article Type: | Paper

SCHOLARONE™
Manuscripts




Page 1 of 38

Environmental Science: Water Research & Technology

Water Impact Statement

Immobilized phosphate-binding proteins (PBPs) offer highly selective, reversible phosphorus
adsorption, which can help address nutrient pollution while enabling a circular phosphorus
economy. Increasing the adsorption capacity of PBP adsorbents is critical for implementation and
should proceed with parallel increases in the surface area to mass ratio of the immobilization

matrix and reductions in the size of the phosphorus-selective binding sequence.
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Abstract

Adsorbents featuring high-affinity phosphate-binding proteins (PBPs) have demonstrated
highly selective and rapid phosphorus removal and recovery. While immobilized PBP is promising
for inorganic phosphate (orthophosphate, P;) removal and recovery, increased adsorption capacity
of PBP-based materials is essential to enhance the feasibility of PBP for scaled implementation.
Here, magnetic n-hydroxy succinimide (NHS)-activated iron oxide particles (IOPs) were used to
immobilize PBP (PBP-IOPs). The PBP-IOPs provided rapid P; removal, with more than 95%
adsorption within 5 min. Slightly acidic pH (6), room temperature (20 °C), and low ionic strength
(0.01 M KClI) demonstrated the best removal efficiency. The P; adsorption capacity of PBP-IOPs
was not affected by anions such as chloride, sulfate, nitrate, bicarbonate, and borate. PBP-IOPs
released 99% of total adsorbed P; using pH adjustment. Conjugation of PBP to higher surface area
per mass IOPs increased P; attachment capacity (0.044 mg g!) relative to previous studies of PBP
immobilized on Sepharose resin (0.0062 mg g''). Accordingly, PBP-IOPs have the potential to
rapidly, spontaneously, selectively, and reversibly capture P;. Theoretical capacity calculations
indicated that parallel improvements in surface area to mass ratio of the base immobilization
material together with reducing the size of the P;-binding amino acid sequence (while retaining P;

specificity) are needed to further advance design and implementation of PBP-based adsorbents.

Keywords: Capacity, Desorption, Immobilization, Isotherm, Nutrient, Selectivity, Wastewater

1 Introduction
Inorganic phosphorous (predominantly orthophosphate, P;) is critical for plant growth, but
phosphate rock is a finite resource that is being continuously depleted to supply fertilizers for food

production (1). Furthermore, release of excess P; from anthropogenic sources (e.g., point sources
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such as water resource recovery facilities as well as non-point sources such as agricultural runoft)
contributes to eutrophic conditions in receiving waterbodies. It is therefore important to effectively
remove and recover P; from waste streams to better manage the anthropogenic P; cycle. Chemical
and biological technologies have been applied to remove P; from different water matrices (2—4).
However, some technologies such as biological processes struggle to meet increasingly low
discharge standards of < 0.1 mg L' (5). Chemical precipitation, which can be used to remove P;
from high volume biologically treated effluent, has secondary issues (e.g., the process produces
large amounts of chemical sludge, requiring clarification and disposal processes that add to the
expense) (6).

Adsorption is a favorable approach to remove P; by partitioning it to surfaces such that the
P; can be attached and then released under controlled conditions (7). Adsorption can provide a
highly selective, low-cost approach for P; removal and recovery (8). Adsorbent materials exhibit
variable adsorptive selectivity and capacity, depending on the surface chemistry, porosity, and
contact surface area (9). A common challenge for many adsorbents is selectivity given that target
adsorbate removal can be significantly reduced through competition for adsorbent active sites by
other competing ions (7). For instance, P; removal from wastewater by iron oxide nanoparticles is
affected by sulfate, chloride, and bicarbonate due to anion competition (10). Highly selective P;
adsorbents are therefore of great interest for improved removal performance and recovery of higher
purity (higher value) phosphorus products.

Selective adsorption and desorption of P; has been documented using several different
configurations of immobilized high-affinity phosphate-binding proteins (PBP) (11-19). The
mechanisms of P; removal by PBP can be explored through molecular dynamics (MD) simulations

within an industrial context. For example, MD simulations were used to explore the potential for
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reagent-less biosensors by combining PBP with rhodamines, which emit fluorescence signals
when the PBP is in its unbound conformation (20). Additionally, MD was used to study the effects
of buffer solution on PBP binding affinities for different species of P;, where PBP had a higher
affinity for HPO4* compared to H,PO, (21). Interestingly, experimental data have shown a similar
affinity between the two, possibly due to competition of buffer solutions with HPO4*. The use of
simulations can also elucidate the adsorption pathways and binding free energy profiles of PBP.
Rigid-body Brownian dynamics simulations revealed that the Escherichia coli PBP possesses two
distinct regions that attract anions and serve as screens for phosphates (22). Overall, MD
simulations offer a powerful tool for gaining a deeper understanding of complex molecular
interactions during P; binding events.

Effective P; removal to ultra-low levels (<100 ug L-!) has been confirmed using
immobilized PBPs (14,17,18). PBP adsorbents offer P; release and recovery by adjusting solution
pH to greater than 10, which yields a concentrated P; solution that is suitable for reuse, e.g., as
fertilizer feedstock (13). PBP provides improved adsorption in comparison to metal oxide
adsorbents, offering at least 30 times faster adsorption, and at least 15 times higher affinity (17).
Accordingly, immobilized PBP is a promising adsorbent material for P; removal and recovery, and
no improvements are needed in terms of affinity (17) or equilibrium (23). However, previous PBP
research identified the need to enhance the material’s adsorption capacity to make PBP a viable
alternative for implementation (12,14,17,18).

To increase adsorbent capacity, particles with higher surface area to mass ratios may be
used as the base material on which to immobilize PBP, e.g., micro- to nano-scale particles. A range
of surfaces can be utilized for biomaterial conjugation (e.g., metals, polymers, or silica). Magnetic

particles are attractive as they can be easily collected from environmental matrices using an
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external magnetic field. Magnetic particles of variable composition and size have been extensively
used in biomedical applications, such as drug delivery and enzyme conjugation, due to their unique
properties such as stability, high surface area, and biocompatibility (24). Another application of
magnetic particles is environmental remediation, for example, treating polluted water (25).
Magnetic particles modified with functional groups (-NH,, -COOH, -SH) and inorganic/organic-
coated magnetic particles were used to adsorb heavy metals and toxic dyes (25).

In this study, magnetic NHS-activated iron oxide particles (IOPs) were used as the base
material on which to immobilize PBP (i.e., PBP-IOPs). Although PBP has been studied for P;
binding and recovery, this is the first study to immobilize PBP on magnetic particles. The
hypothesis was that the use of IOPs would increase the PBP loading capacity normalized to mass
of adsorbent due to the smaller particle diameter (and hence, higher surface area to mass ratio) and
increased ligand binding sites of IOPs, in turn increasing P; adsorption capacity compared to
previously established PBP-modified Sepharose resin (as reported by Venkiteshwaran et al., 2018)
(18). It was also anticipated that PBP-IOPs would facilitate P; recovery compared to unmodified
IOPs because free P; can be released from PBP binding sites by increasing solution pH, whereas
P; release from IOP-P complexes may be more difficult. The specific research objectives were to:

(1) Examine P; adsorption kinetics using PBP-IOPs.

(2) Evaluate the effect of pH, temperature, and ionic strength (all of which often impact
water/wastewater treatment process performance) on P; removal efficiency.

(3) Evaluate the selectivity of the PBP-IOPs using Milli-Q water augmented with potentially
competitive ions as well as tertiary wastewater effluent.

(4) Test the reusability of PBP-IOPs and compare performance to IOPs without conjugated

PBP.
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(5) Conduct isotherm modeling using the PBP-IOPs and assess its adsorption capacity
compared to previous PBP adsorbent research.

(6) Calculate the theoretical maximum P; binding capacity using PBP-IOPs vs. PBP
immobilized on NHS-activated Sepharose resin to probe the materials’ theoretical
performance relative to actual experimental performance.

(7) Understand PBP and P; interactions to determine the critical amino acids using molecular

dynamics simulations.

2 Materials and Methods
2.1 Preparation of the PBP-IOP Adsorbent

The PBP-IOP adsorbent was prepared by immobilizing a purified solution of PBP onto
BcMag™ NHS-activated magnetic IOPs (Bioclone Inc, USA). A transmission electron
microscopy image of the BcMag™ NHS-activated magnetic IOPs showing the silica shell coating
around the iron oxide core is included in the Supporting Information (SI). Preliminary control tests
showed that the NHS-activated IOPs provided negligible P; removal in the absence of PBP loading.

The PBP expression and purification procedures were conducted as described by Hussein
and Mayer (2022) (14). Briefly, E. coli BL21 (DE3) competent cells containing the His-tagged
pstS gene plasmid pET22b (#78198, Addgene, USA) were grown in Luria Broth (LB) with 100
pug mL-! ampicillin at 37 °C with agitation at 250 rpm. When the cell suspension reached an ODgy,
value of 0.6-0.8, 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to induce PBP
expression for 3-4 hr. PBP expression was confirmed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), as described by Hussein et al. (2020) (13). The induced cells

were centrifuged for 20 min at 1250 xg, and the cell pellets were collected for the purification step.
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To purify PBP, the cell pellets were resuspended in 100 mL of binding buffer (50 mM
NaH,PO,4, 0.5 M NaCl, pH 8.0) and sonicated to rupture the cell membrane and release the
cytoplasmic content. A Q500 sonicator (Qsonica, USA) was set at amplitude = 45%, pulse rate =
15 sec on and 45 sec off and 48 cycles of sonication were performed on ice. Supernatant from the
cell’s lysate was added to a Ni Sepharose™ 6 Fast Flow resin column (GE Healthcare Life
Sciences, USA) to bind PBP for 60 min at room temperature. To release PBP from the column, an
elution buffer (50 mM NaH,PO,, 0.5 M NaCl, 250 mM imidazole, pH 8.0) was used, and 5 mL
eluted fractions were collected. The collected PBP fractions were combined and dialyzed in buffer
(0.1 M NaHCOs, 0.15 M NaCl, pH 7.4) using a Spectra/Por® 2 dialysis membrane (MWCO 12-
14 kDa, Spectrum Laboratories, Inc., USA) at room temperature. The PBP concentration was
measured using a Pierce™ BCA protein assay kit (Thermo Fisher Scientific, USA) and the
dialyzed solution was stored in 14% glycerol at -80 °C until use.

The PBP was conjugated on the surface of BcMag™ NHS-activated magnetic IOPs (1 um
diameter) following the manufacturer’s protocol with slight modification (pre-coupling wash step
with deionized water instead of Tris buffer and blocking with Tris buffer instead of ethanolamine).
The PBP solution (10 mL at 1 mg mL-") was added to 500 mg IOPs and mixed by gentle vortexing.
The reaction tube was kept at room temperature for 4-6 hr with continuous mixing using a multi-
purpose tube rotator (Fisherbrand™, Model No. 88861049). A magnetic bar was used to separate
the PBP-IOPs from the PBP suspension. The supernatant was collected and the concentration of
unbound PBP was measured using a Pierce™ BCA protein assay kit. The PBP coupling density
was calculated as the amount of PBP attached (the difference in the PBP concentration in solution
before and after attachment) multiplied by the volume of PBP solution and divided by the mass of

IOPs. The PBP coupling density on the BcMag™ NHS-activated magnetic beads was 12-15 mg
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PBP per g IOPs (0.343-0.429 umole PBP per g IOPs), which compares favorably with the
manufacturer-stated capacity of 1-20 mg protein per g IOP. The PBP-IOPs were resuspended in
10 mL blocking buffer (0.05 M Tris-HCI, 0.5 M NacCl, pH 8) at room temperature for 60 min. The
PBP-IOPs were then washed with washing buffer (0.01 M Tris-HCI, 1 mM MgCl,, pH 7) 2-3
times. The PBP-IOP adsorbent was stored at 4°C and used within 48 hr. To remove the legacy P;
adsorbed on PBP during the expression and purification processes, PBP-IOPs were washed with

Tris buffer at pH 11.5-12 prior to adsorption experiments, which was previously reported to

completely desorb P; from PBP (18).

2.2 Phosphate Adsorption Kinetics

To examine P; adsorption kinetics, 20 mg PBP-IOPs suspended in Tris buffer were gently
vortexed and then added to a 2-mL microcentrifuge tube with 1 mg PO3 "~ L -! (prepared in Tris-
HCI buffer at pH 7). The 1-mL samples were mixed at 30 rpm using a multi-purpose tube rotator
at room temperature for 1, 5, 10, 20, or 40 min. Triplicate tests were conducted at each reaction
time. The P; concentrations before and after adsorption were measured using the standard ascorbic
acid method (26). The data was used to calculate the adsorption capacity by applying a mass
balance relationship (Equation 1), as described by Wu et al. (2020) (27).

~ (Co- €V

= — Eq1l
q o (Eq1)

where q, is the amount of phosphate (mg g!) adsorbed at time (t), C, is the phosphate concentration
in solution (mg L) at time (t), Cy is the initial phosphate concentration (mg L), V is the sample
volume (mL), and m is the mass of adsorbent (mg).

Pseudo first-order (Equation 2) and pseudo second-order (Equation 3) kinetic models were

used to model the data.
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QG = qe(l-e MY (Eq2)
kzqgt
= _—— E
R (Eq3)

where g, is the amount of phosphate (mg g!) adsorbed at time (t), qe is the amount of phosphate
(mg g!) adsorbed at equilibrium, and k; (min-") and k, (g mg-'min-") represent the first and second-

order kinetic rate constants, respectively.

2.3 Effect of pH, Temperature, and Ionic Strength

Batch experiments were conducted to determine the effect of temperature, pH, and ionic
strength on P; adsorption. The baseline test conditions were pH 7, 20 °C, and phosphate solution
in Tris buffer (with no KCI addition). To evaluate the effect of pH on P; adsorption, 1.1 mg PO3~ L
-1 solution was prepared in Tris buffer at pH 4, 6, 7, 8, or 10. For temperature experiments, 1.1 mg
PO3 "~ L -! solution was prepared in Tris buffer at pH 7 which was equilibrated at 10, 20, 30, or 40
°C prior to the experiment. To study the effect of ionic strength on P; adsorption, reaction buffers
with 0.01, 0.05, 0.1, or 0.5 M KCI were mixed with 1 mg PO3~ L .

For each experiment, 20 mg PBP-IOPs were used, and the suspensions were mixed at 30
rpm using a multi-purpose tube rotator. After 60 min, the reaction solution was separated from the

PBP-IOPs using a magnetic bar and then analyzed for P;.

2.4 Selectivity of PBP-IOPs

To test the selectivity of the PBP-IOPs, parallel experiments using 20 mg PBP-IOPs were
conducted using multi-ion solution and P;-only solution prepared in Milli-Q water (pH = 7). The
multi-ion solution contained a final concentration of 1 mg L-! each of NaCl, Na,SO4, NaNOs,
NaHCOs;, B4Na,07-10H,0, and KH,PO,. The associated anions are common competitors for P; in

wastewater. The P;-only solution contained 1 mg L-! KH,PO,4. Both experiments were conducted
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at 20 °C. The test tubes were mixed at 30 rpm for 60 min, after which the solution was separated
from the PBP-IOPs using a magnetic bar and analyzed for P;.

To evaluate the performance of PBP-IOPs in more realistic scenarios, another batch
experiment was performed using tertiary wastewater effluent compared to an equal concentration
of P;-only solution. Tertiary wastewater effluent was collected from the South Shore Water
Reclamation Facility (Oak Creek, WI), and analyzed for water quality parameters (Table S1). The
initial P; concentration was 1.2 mg PO3~ L-!. Other experimental conditions (adsorbent dosage,

time, and mixing speed) were identical to the multi-ion solution test.

2.5 Reusability of PBP-IOPs

Recovering P; as a concentrated solution is important for subsequent reuse. The PBP-IOPs
must also be reusable such that the P; binding ability of the system is restored following desorption
(28). To test desorption, an adsorption experiment was first conducted with an initial P;
concentration of 0.9 mg PO3~ L -! and 20 mg PBP-IOPs for 30 min in 1 mL reaction buffer (pH
7, 20 °C). The desorption experiment was performed using 1 mL of Tris buffer at pH 11.5 for 10
min, which was previously reported to completely desorb P; from PBP (18). In parallel, unmodified
IOPs (20 mg NHS-activated I0OPs without PBP immobilized on the surface) were tested for P;

adsorption and desorption under identical experimental conditions to the PBP-IOP tests.

2.6 Determination of Phosphate Removal Capacity
2.6.1 Phosphate Adsorption Isotherms

Phosphate adsorption isotherms were investigated by varying the initial concentration of
P; while maintaining a constant dose of PBP-IOPs. The P; solution was prepared in Tris buffer at
pH 7, 20 °C at concentrations of 0.2, 0.4, 0.6, 0.8, or 1 mg PO3 " L -1. Low initial concentrations

were selected to reflect tertiary wastewater treatment needed to reduce low P; levels to ultra-low

10



Environmental Science: Water Research & Technology Page 12 of 38

discharge standards. A dose of 20 mg PBP-IOPs was allowed to react with 1 mL P; solution for 60
min. The samples were mixed at 30 rpm using a multi-purpose tube rotator at room temperature.
Once the test was completed, the reaction solution was separated from the PBP-IOP adsorbent
using a magnetic bar and was analyzed for remaining P;. The data was then modeled using

Langmuir and Freundlich isotherm models (Equations 4 and 5, respectively).

_ qmaxKLCe Eq 4
© 7 dr ke P99
g = KpC" (Eq 5)

where q. is the equilibrium adsorption capacity (mg g!), qmax is the maximum adsorption capacity
(mg g, C, is the equilibrium P; concentration (mg L), K; is the Langmuir constant (L mg!), K¢
is the Freundlich constant (mg g'), and n defines the intensity of the adsorption process
(dimensionless constant). The Langmuir model parameter K; indicates the adsorption affinity
between the adsorbate and the adsorbent and is related to energy of adsorption (AG) and enthalpy
change (AH).
2.6.2 Theoretical P; Adsorption Capacity

Calculations were performed to estimate the theoretical maximum P; binding capacity of
PBP-IOPs and PBP immobilized on NHS activated Sepharose resin in comparison to experimental
results. The theoretical P; adsorption capacity was determined under scenarios of 1) maximum
available NHS ligand usage (the number of sites available to covalently link a protein, referred to
as “ligand-based capacity” in this study) and 2) space occupied by the PBP protein on the available
surface area (referred to as “footprint-based capacity” in this study). Further description of these

theoretical calculations is included in the Supporting Information (SI).

2.7 Molecular Dynamics Simulations of P; Binding to PBP
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The interaction of P; (modeled as dihydrogen phosphate, H,PO,) with PBP was
investigated using all-atom MD simulations with the AMBER 2019 software package (29). Two
types of simulations were conducted: one involving PBP with a single H,PO, ion initially in the
bound position, and the other with a higher P; concentration, where PBP had 10 initially unbound
H,POy ions placed randomly around PBP. The initial structure of the PBP was obtained from the
Protein Data Bank (PDB ID 1A54) (30). The GAFF2 force field was used for H,PO,", and the
partial charges were calculated using geometric optimization and the restrained electrostatic
potential (RESP) charge fitting, performed by R.E.D. Server Development (31). The ff19SB force
field (32) was used for PBP with TIP3P water model (33) with corresponding Joung-Cheatham
monovalent ion parameters (34). The PBP was solvated in a water box with an 8 A buffer and Na*
ions to neutralize the total charge of the system. The pre-production of the MD simulations
followed the 12-step protocol previously described in detail (35,36) and included seven energy
minimization stages with up to 115,000 total steps, 2 heating, and 3 equilibration stages. The final
NPT production simulations were performed at 1 bar and 300 K with a cutoff of 9.0 A and a
timestep of 2 fs for a period of 1 and 2 ps for the single- and multiple-ion simulations, respectively.
Analysis was performed using CPPTRAJ (37). Total contact lifetime between the H,PO,4 ions and

the PBP was calculated using PyContact (38).

2.8 Experimental Data Analysis

All experiments were performed in triplicate. One-way ANOVA followed by Tukey post-
hoc analysis was performed to assess differences in P; removal efficiency under different
experimental conditions (pH, temperature, and ionic strength) as well as for selectivity and
reusability studies. All statistics were performed using GraphPad Prism with a significance level

of a=0.05.
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3 Results and Discussion
3.1 Phosphorus Adsorption Kinetics

Pseudo first- and second-order kinetic models were applied to quantify the rate of
adsorption, an important parameter for scaled treatment systems. The pseudo first-order model
assumes the rate-limiting step depends on collisions between the adsorbate and the unoccupied
sites at the surface of adsorbent, whereas the pseudo second-order model assumes diffusion as the
rate limiting step (39). We observed that the pseudo second-order kinetic model provided a slightly
better fit over the pseudo first-order model (Figure 1), suggesting diffusion-limited adsorption of
P; using PBP-IOPs. Most of the adsorbed P; was rapidly removed within 5 min and the system
reached equilibrium after 10 min as there was no change in the adsorbed P; for longer times. The
strong pseudo second-order kinetic model fit supports findings by Venkiteshwaran et al. (2020)

(17), in which PBP was immobilized on NHS-activated Sepharose beads.

0.030 7 X Experimental

Pseudo 2nd Order Model
0.025 4 ----- Pseudo 1st Order Model l(
----------- S
- i
0.020
an
Y
&0 0.015
g
S 0.010 A
0.005 A
0.000 * T T T )
0 10 20 30 40

t (min)

Figure 1. Experimental data fit to the nonlinear form of the pseudo first- and second-order kinetic
models using PBP-1IOPs at neutral pH and 20 °C. The pseudo first-order model parameters were k;

13
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=2.35 min"! and ge = 0.023 mg g’!, (R? =0.98). The pseudo second-order model parameters were
k, =283 g mg'min’! and g = 0.024 mg g'! (R?=0.99). The linear model fits are shown in Figures
S1 and S2.

Using PBP-1OPs, the kinetic rate constant (k,) was substantially higher than most other
comparative adsorbents used to remove P; (Table 1). The kinetic model also indicated that the
equilibrium capacity (qe, mg g'!) for PBP-IOPs was approximately 3.6 times greater than that for
PBP immobilized on Sepharose. However, the equilibrium capacity, qe, for PBP-IOPs was still
less than other non-PBP adsorbents; the maximum capacity is discussed in Section 3.5.

To further explore differences between the PBP adsorbents prepared using different
immobilization materials (Sepharose vs. IOPs), the pseudo second-order kinetic model parameters
were normalized to PBP binding sites (i.e., per mole PBP) to establish performance relative to the
functional unit rather than the mass of the adsorbents (Table 1). Using this approach, the
equilibrium capacities of the two PBP-based adsorbents were similar (g, = 0.64 vs. 0.86 mol P;
mol-! PBP). However, the rate constant for PBP-Sepharose was approximately 3.5 times higher
than the rate constant for PBP-IOPs. This variation could be attributed to the difference in the
ligand density between the materials, which may affect PBP orientation/attachment on the surface
(40), consequently affecting the rate of access to the PBP binding sites. Of note, the initial sorption
rate when time goes to 0 (k»*q¢?) (41) of the two PBP adsorbents was very similar, at 0.21 mg g’!
min~! for PBP-Sepharose and 0.17 mg g-! min™! for PBP-IOPs, which suggests similar binding rates

for PBPs not influenced by steric hindrance on IOPs and Sepharose resin.
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Table 1. Pseudo second-order kinetic parameters for several comparative P-selective adsorbents.

Pseudo Second-order Kinetic Parameters

Adsorbent K, Qe Study
(g mg'min™') (mg g
Zeolite (EL-MNP@zeolite) 0.013 38.6 (42)
Ferrihydrite 4x104 40.3 (43)
Ferrihydrite-impregnated
granular activated carbon 1.85 1.26 (6)
(FH@GAC)
Iron hydroxides (FeOOHs) 0.25 4.5 (44)
Granular ferric hydroxide 0.04 0.64 (45)
Zinc oxide nanoparticles
(ZnO) 0.01 54.6 (46)
. o 4.9x10° 0.0066
I;Ei:;f:felgfd on (37.5 mol PBP mol"'  (0.86 mol P, mol"  (17)
p P; min-!)* PBP)*
283 0.024
PBP-IOPs (10.6 mol PBP mol!  (0.64 mol Py mol"! This study
P; min'!)” PBP)”

* Normalized values of k, and g, on a mole PBP basis, calculated using the nonlinear pseudo

second-order model parameters.

3.2 Effect of pH, Temperature, and Ionic Strength

Increasing pH from 4 to 10 significantly decreased P; removal from 50% to less than 10%
(Figure 2a, p < 0.0001). However, P; removal at acidic conditions (pH 4 and 6) did not differ
significantly (p = 0.64). Solution pH affects both the degree of adsorbate dissociation and
adsorbent surface charge (47). Phosphate deprotonates as pH increases, progressing from
H3PO* — H,PO; — HPO3 — PO; ", corresponding to the acid dissociation constants pKa;=2.15,
pKa,=7.2, and pKa;=12.33 (48). Accordingly, pH controls the distribution of dominant P; species

and influences the strength of electrostatic attraction. While PBP has a strong affinity for H,PO,"
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and HPO3 ", with a slight preference for the latter (49), strong competition occurs between P;
species and hydroxyl functional groups, consequently creating strong repulsion and reducing

adsorption as the pH increases (48).

100%
1 a

20% b € Max. possible P; removal

&80%» 1 . mm s s s s s s m =

70% 1
60% - Max. possible P; removal

50% 1
40% 1
30% 1
20% 1

10% 1 rl
B Y
6 7 8 10

Phosphate Removal (%)

0%

Figure 2. Effect of (a) pH (with constant temperature = 20 °C and ionic strength = 0 M KCl), (b)
temperature (with constant pH = 7 and ionic strength = 0 M KCIl), and (c) ionic strength (KCI
addition) (with constant pH = 7 and temperature = 20 °C) on phosphate adsorption using PBP-
IOPs. Triplicate experiments were conducted for 60 minutes, and results are shown as averages
with + 1 standard deviation denoted by the error bars. The dashed-red lines indicate the maximium
possible P; removal based on the amount of immobilized PBP used in the test relative to the initial
P; concentration in the solution.

Beyond affecting P; protonation/deprotonation, the surface charge of an adsorbent may
affect P; adsorption as more positive charges accumulate below the point of zero charge (pHy.c)
and more negative charges exist above the pHy,.. For PBP-IOPs, the surface charge of the base
material (i.e., iron oxide) is not subject to changes in speciation as a function of pH due to the
presence of a silicon coating (50). Therefore, pH would more likely affect PBP’s binding sites and
trigger conformational changes. A fluorescent thermal shift assay showed that changes in pH did
not significantly alter the thermal stability of PBP (18). Hence, high pH is unlikely to significantly
alter PBP structure; however, changes in the coordination structure of the local binding site could

affect P; adsorption. PBP binds P; via amino acids with pK, values ranging from 9.04 to 9.6 (49),
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so deprotonation is most likely to occur at pH > 10, thereby inhibiting hydrogen bond formation
between P; and the PBP binding site.

Removal of P; as a function of temperature (a crucial factor for adsorption at liquid-solid
interfaces) is presented in Figure 2b. The highest removal was at 20 °C and the lowest at 10 °C (p
=0.003). Adsorption behavior was similar at 10, 30, and 40 °C (p <0.18), all of which were worse
for P; removal compared to 20 °C. Venkiteshwaran et al. (2020) (17) calculated the thermodynamic
parameters for P; adsorption using PBP immobilized on Sepharose resin and confirmed a
spontaneous, exothermic process: the estimated enthalpy change (AH) was approximately -6.3 kJ
mol!, the calculated entropy change (AS) was 0.12 kJ mol-! K-!, and Gibbs free energy (AG) was
negative (17). Consistent with the proposed P;-PBP interaction at the binding site (i.e., formation
of 12 hydrogen bonds), noncovalent interactions such as van der Waals forces, hydrogen bonds,
and ionic pairs are indicated by low enthalpy changes (AH < 80 kJ mol') (51). Alternately, P;
removal is endothermic (requiring an energy input to drive adsorption) using many other
adsorbents such as ferrihydrite, magnetite, or lanthanum-doped activated carbon fiber, as indicated
by an increase in P; uptake with increasing temperature (48,52). Therefore, P; removal using PBP
adsorbents is advantageous over other adsorbents as no energy addition is needed, promoting
efficient P; removal.

Removal of P; significantly decreased from 66% to 6% when the concentration of KCl
(ionic strength) increased 50-fold from 0.01 to 0.5 M (Figure 2c, p < 0.0001). Although there is
no competition on the binding site due to the high selectivity of PBP toward P;, poorer P; removal
was observed using PBP-IOPs at high ionic strength (> 0.01 M KCl), indicating interrupted PBP
binding affinity (53,54). The dissociation constant for the PBP-P; complex (K, ) increased

approximately 20 times for 0.3 M of NaCl solution compared to no-salt solution (53). The affinity
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of PBP for P; was found to be extremely sensitive to electrostatic effects at the level of local
hydrogen bonding interactions (53). Therefore, increasing ionic strength impeded the formation of

hydrogen bonds in the binding site and decreased P; uptake.

3.3 Selectivity of PBP-1OPs

To evaluate the P; removal performance of PBP-IOPs in more practical conditions, PBP-
IOPs were tested in multi-ion solution as well as tertiary wastewater effluent (Figure 3). The
adsorption capacity of the PBP-IOPs for both tests was 40 pg-P; g'!. Removal of P; was identical
for P;-only solution and multi-ion solution (22%, p = 0.99). Similarly, P; removal for tertiary
wastewater effluent was the same as the corresponding Pj-only solution (17%). Thus, the
selectivity of the PBP-IOPs was not affected by the presence of competing anions such as chloride,

sulfate, nitrate, bicarbonate, and borate.
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Figure 3. Phosphate adsorption using PBP-IOPs is not impacted by other water constituents. (a)
multi-ion solution with 1 mg L-! each of NaCl, Na,SO,, NaNO;, NaHCOj3, B;Na,0;'10H,0, and
KH,PO, versus P;j-only solution containing 0.9 mg L' KH,PO, (0.63 mg P; L'). (b) tertiary
wastewater versus Pi-only solution, each containing 1.2 mg L' KH,PO, (0.85 mg P; L. All
experiments were conducted in triplicate, with = 1 standard deviation indicated by the error bars.
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The results agree with a previous selectivity study of PBP immobilized on Sepharose resin,
in which competitive anions did not impede P; removal (14). In comparison, water constituents
(i.e., anions, total suspended solid, and dissolved organic carbon) substantially reduced P; removal
efficiency using commercial ferric nanoparticles and hybrid anion resin (HAIX) (7). HAIX resin
lost up to 36% of its P; adsorption capacity when preloaded with nitrate in synthetic water trials
(7). Trials using secondary wastewater had greater impact on HAIX removal capacity since both
nitrate preloading and simultaneous competition from the other constituents in secondary
wastewater were involved (7). Using synthetic solution, ferric nanoparticles had 76% less P;
capacity compared to HAIX resin (7). PBP-IOPs provide highly selective P; removal with no
impedance from competing ions, offering an advantage over other adsorbents such as HAIX or

ferric nanoparticles.

3.4 Reusability of PBP-IOPs

To assess the reusability of PBP-IOPs in comparison to iron oxide adsorbents, the P;
adsorption-desorption capacities of unmodified IOPs (i.e., bare IOPs without NHS activation or
PBP attached) and PBP-IOPs were compared in head-to-head tests (Figure 4). PBP-IOPs were able
to remove 0.30 mg PO3" L-! while IOPs alone removed 0.67 mg PO3” L -' under the same
experimental conditions, indicating more active adsorption sites on IOPs compared to PBP-IOPs,
perhaps due to space limitations of PBP loading on the IOP surface (as explored in Section 3.5.2).
However, PBP-IOPs released 0.30 mg PO3 "~ L -1(99% of total adsorbed P;) whereas IOPs released
only 0.08 mg PO3~ L -! (12% of total adsorbed P;) after exposure to Tris buffer at pH 11.5. This
important finding demonstrated that PBP-IOPs may offer an improved approach to recover P;

(compared to IOPs alone) wherein nearly all adsorbed P; can be recovered.
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Figure 4. Comparsion of changes in phosphate concentration for adsorption and desorption
stages using IOPs modified with PBP and unmodified IOPs. All experiments were conducted in
triplicate, with + 1 standard deviation indicated by the error bars.

3.5 Adsorption Capacity
3.5.1 Phosphorus Adsorption Isotherms

Langmuir and Freundlich isotherms were used to model the profile of the equilibrium
adsorption capacity (g.) and the equilibrium P; concentration (C,) (Figure 5). The experimental
data fit both models well, with R? > 0.99. Although the models had identical profiles up to 0.6 mg
L1, they diverged at higher C, values, where the Langmuir model provided a better nonlinear fit
(KL =1.0L mg!, qax = 0.036 mg g'!). The Langmuir model assumes monolayer adsorption, where
each active site is occupied by one adsorbate molecule, in line with the expected 1:1 PBP-P;

binding scenario.
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Figure 5. Phosphate adsorption isotherms using PBP-IOPs at neutral pH and 20 °C. (a)
Experimental data fit to nonlinear isotherm models, where the error bars indicate =1 standard
deviation of triplicate experiments, (b) linearized Langmuir model (K = 0.753 L mg!, qumax =
0.044 mg g!), and (¢) linearized Freundlich model (Kr =0.021 mg g!, n =1.218).

The Langmuir constant (K;) can be used to determine the feasibility of P; adsorption by

calculating the dimensionless separation factor (R, Equation 6) (55):

1

Re= T ke

Eq (6)

where Ry = 0 indicates irreversible adsorption, 0 < Ry <1 indicates favorable adsorption, Ry = 1
indicates a linear (qgevs. C.) adsorption curve, and Ry > 1 indicates unfavorable adsorption (46,48).
For this dataset, R; was 0.6-0.9, indicating favorable adsorption. The Freundlich constant (n) fell
in the range of 0-10, also indicating favorable adsorption (56).

The adsorption affinity (K;) for PBP-IOPs was 7 to 24 times higher compared to other
adsorbents such as ZnFeZr-coated magnetic particles, flower-like mesoporous silica loaded with
lanthanum, humic acid-coated magnetite nanoparticles, and iron oxide-coated granular activated
carbon (Table 2). However, the K| for PBP-IOPs was approximately two orders of magnitude less
than PBP-Sepharose.

Using both PBP-based adsorbents, the maximum adsorption capacity (qmax) was less than

the comparative adsorbents (Table 2). However, PBP-IOPs provided approximately six times
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higher maximum capacity than the P; adsorption capacity using PBP immobilized on Sepharose
resin (17). The enhanced capacity likely derived from having more PBP immobilized on 10Ps
relative to Sepharose resin (which leads to higher P; removal). The average particle size of the
IOPs was 1 um with an NHS ligand density of 250 pumol per g IOPs, while NHS-activated
Sepharose was 90 um with an NHS ligand density of 33 umol per g Sepharose beads. Therefore,
higher ligand density was available to conjugate PBP on IOPs compared to NHS-activated
Sepharose.

When normalizing the Langmuir parameters to PBP binding sites (i.e., per mole PBP), the
maximum capacities for PBP-IOPs and PBP-Sepharose were essentially equivalent (gmax 0.96 and
0.90 mol P; mol-! PBP, respectively). However, the P; binding affinity (K;) using PBP-IOPs
remained two orders of magnitude less than PBP-Sepharose, indicating that the less dense NHS
configuration had stronger interactions. Thus, while the higher ligand density of IOPs improved
the maximum P; adsorption capacity, it may have affected conformation of PBP on the surface,

which negatively impacted binding affinity (40).

22



Environmental Science: Water Research & Technology Page 24 of 38

Table 2. Langmuir isotherm parameters for P-selective adsorbents.

Langmuir Isotherm Parameters

Adsorbent K Study
L (Jmax
(L mg) (mg g
Flower-like mesoporous silica
spheres doped with lanthanum 0.11 6.1 (57)
(FMS-0.1 La)
Tailored ZnFeZr-coated
magnetic particles 0.1 32.2 (58)
(ZnFeZr @ Fe;04/S10,)
Humic acid-coated magnetite
nanoparticles 0.03 3.0 (59)
(HA-MNP)
Iron oxide-coated granular
activated carbon 0.08 21.8 (60)
(Fe-GAC)
PBP immobilized on Sepharose 192 0.0062
resin (182 uM-1 P))* (0.90 mole P; mole”! (17)
- BV PBP)*
10 0.036
PBP-IOPs ' (0.96 mole P; mole!  This study

-1 . *
(0.095 uM-! P)) PBP)*

* Normalized values of K; and q,,,,x on a mole PBP basis, calculated using the nonlinear
Langmuir isotherm model parameters.
3.5.2 Theoretical Scenarios for Adsorption Capacity

A series of theoretical calculations was performed to further explore the P; adsorption
capacity for PBP-IOPs compared to PBP immobilized on Sepharose resin (methods described in
SI Section S3). First, the impact of surface area to mass ratio on adsorption capacity was calculated
(Figure 6a, where the 1-um diameter IOPs offered 10x more surface area [1.1 m? g-!'] than an
equivalent mass of Sepharose [9.5x102 m? g'']). The calculation was performed based on the

reported NHS ligand density on IOPs (250 pmol NHS per g IOPs) vs. Sepharose resin (33 umol
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NHS per g Sepharose beads) as well as based on the physical footprint of PBP (cross-sectional
area of PBP per surface area of adsorbent). As shown, the major limitation for improvements in P;
adsorption capacity is the size of the protein itself, which prevents full usage of the available
ligands. Comparing PBP adsorbent performance to other adsorbents in the literature (as detailed
in the SI), if all NHS ligand sites were occupied by PBP, both IOPs and Sepharose resin-based
adsorbents would be competitive with approximately half of the comparative adsorbents.
However, the surface area to mass ratio would more realistically need to increase nearly 100x to
begin to compete with other adsorbents. This indicates that simply decreasing the particle size of
the base material is insufficient to make PBP-based adsorbents more competitive in terms of P;
adsorption capacity. Accordingly, strategies for improved capacity may emphasize immobilization
on porous materials with higher surface to mass ratios and/or decreased size of the PBP to a shorter

P;-selective peptide sequence.
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Figure 6. Theoretical adsorption capacity scenarios. (a) Adsorption capacity as a function of
surface area to mass ratio, (b) Adsorption capacity as a function of peptide sequence radius, and
(c) Adsorption capacity as a function of both surface area to mass ratio and peptide sequence
radius. For illustrative purposes, the 40 different comparative values for adsorbents reported in the
literature shown in (a) and (b) are summarized by quartiles (Q1 = first quartile and Q3 = third
quartile) and min, median, and max values. Table S2 lists all comparative values.

The impact of reducing the peptide sequence size is shown in Figure 6b, where PBP itself
is approximately 3.45 nm in radius (with a theoretical lower limit of 0.2 nm based on our analysis
of the size of PBP’s active binding pocket). Future research is needed to demonstrate whether
peptides with reduced sequences retain P; attachment efficiency and selectivity. The limiting factor
is again clearly shown to be the size of the binding sequence as opposed to the availability of NHS
ligands. If all ligands were occupied with PBP on either IOPs or Sepharose resin materials, the
PBP-based adsorbent would be strongly competitive with other materials (using PBP, the capacity
would be approximately average that of other reported materials, whereas a 10-fold decrease in
polypeptide size would exceed the capacity for all comparative adsorbents included here).
However, accounting for the size of the binding sequence, nearly 10-fold decrease in the size of
the P;-selective polypeptide sequence would be needed to compete with the lowest adsorption
capacity of the competitive benchmarks included here. Accordingly, parallel improvements in
binding sequence size (while retaining P; selectivity) and surface area to mass ratio of the base
material are recommended to further advance design and implementation of PBP-based adsorbents

(Figure 6¢). The prospect of reducing the binding sequence size is discussed further in the

following section.

3.6 PBP-P; Binding Modeled using All-atom Molecular Dynamics
To understand how P; interacts with PBP and to assess the feasibility of reducing the size

of the P-binding sequence for increased capacity of PBP-based adsorbents, we performed all-atom
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MD simulations at various P; concentrations. First, we examined the structure of PBP with P;
bound in the position as observed in the crystal structure (Figure 7a), where P; specifically interacts
with the ALA 9, THR 10, PHE 11, GLY 37, SER 38, ASP 56, ARG 135, SER 139, GLY 140, and
THR 141 amino acids (61). We calculated the temporal profile (Figure 7b) of the distance between
the centers of mass (COM) of section one, which includes residues 1-76 and 227-321 (COMI in
Figure 7a), and section two, which includes residues 77 to 226 (COM2 in Figure 7a). The two
sections were visually determined to separate two large portions of PBP that appeared to be
gyrating with respect to one another. We found that the P; binding/release event requires a hinge-
like motion by the protein. While H,PO4~ was in the bound position (Figure 7a), the distance
between COM1 and COM2 was approximately 27.7 A. However, H,PO4 leaves the binding
pocket after approximately 130 ns, at which time the distance between the COMs increases to
about 29.7 A (Figure 7b). In addition to the increase in the distance between COMs, there is also
a clear increase in overall motion of the two sections relative to each other upon unbinding.

To test the specificity of Pi-PBP binding, MD simulations with 10 unbound H,PO, were
performed. While none of the ten H,PO,4 ions fully bound to the pocket of PBP, possibly due to
insufficient simulation time, the interactions between the H,PO, ions and PBP were frequent and
highly specific to the binding pocket. Atom-atom contacts between H,PO, and PBP were then
analyzed using a contact distance criterion of 5.0 A, which is the default for PyContact for protein
structure networks (62,63). Atom-atom contacts were accumulated over residues to obtain P;-
amino acid contact data. Amino acids with a total contact lifetime of more than 250 ns are plotted
in Figure 7¢c, where the thickness of the lune represents the value of the lifetime. These amino acids
are all located within the same region of PBP (Figure 7d) and contained all of the amino acids

located within the known binding site (ALA 9, THR 10, PHE 11, GLY 37, SER 38, ASP 56, ARG
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135, SER 139, GLY 140, and THR 141) (30) and proximal additional amino acids (GLY 138,
GLU195, ASP 137, SER39, and ASN177). Overall, our simulations determined that P; binding
requires a hinge motion in the binding site and 15 critical amino acids. Thus, reductions in the

protein’s size are non-trivial due to the hinge motion.

Distance Between Section COMs (A)

00 “©y €00 Lo 1600
time (ns)

o2 GLY 140ARG 135 d

SER139 g Emmmy _ PHE T
~d GLY 138

I

Figure 7. (a) Initial structure of PBP with a single H,PO, ion bound (green circle, “2HP”
notation). The yellow arrow shows the distance between two sides defined as center of mass
(COM) for residues 1-76 and 227-321 (COM1) and section two for residues 77 to 226 (COM?2).
(b) Temporal profiles of the distance between COM1 and COM2 (red) and the distance between
the PBP binding pocket and H,PO, (black) for a single H,PO4 in the simulation. (¢) Chord
diagram representing total contact lifetime of each amino acid with H,PO4" for the multiple H,PO4
simulation. Only amino acids with total contact lifetimes greater than 250 ns are shown. (d) PBP
structure with the amino acids from the chord diagram colored accordingly and displayed in ball-
and-stick representation.

The importance of the hinge motion potentially complicates efforts to design a shorter

peptide sequence that retains its ability to effectively bind P;. Removing any of the amino acids
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that are crucial to enabling hinge motion or locking it out upon binding would jeopardize the PBP's
binding propensity. Our results showed that amino acids critical to this motion span a substantial
length of the peptide (residues 9 to 177), and this span may represent an inherent lower limit to the
extent of shortening the peptide sequence before losing its P; specificity. While the hinge motion
is thus important, several studies provide substantial evidence supporting the feasibility of
designing and synthesizing peptide sequences that leverage functional amino acid sequences
derived from proteins (64—66). For example, Fowler et al. (2021) (67) demonstrated selective P;
adsorption and controlled desorption using a protein-derived P;-binding peptide sequence
approximately 37x smaller than the PBP tested in our study. Immobilization of such peptide
sequences and testing their P; binding potential in a range of conditions relative to
water/wastewater is important moving forward to further evaluate the adsorbent’s abilities relative

to other adsorbents.

4 Conclusions

A PBP-loaded IOP adsorbent was hypothesized to improve P; adsorption capacity over
previous PBP systems and to provide enhanced P; recovery potential compared to unmodified
I0Ps. Using PBP-IOPs, P; adsorption kinetics demonstrated rapid P; removal, providing more than
95% adsorption within 5 min. Slightly acidic pH (6), 20 °C temperature, and low ionic strength
(0.01 M KCI) conditions demonstrated the best removal efficiency. The removal capacity of PBP-
IOPs was not affected by competing anions such as chloride, sulfate, nitrate, bicarbonate, and
borate. PBP-IOPs released 99% of total adsorbed P; under controlled conditions. These results
underscore the ability of the PBP-IOP adsorbent to adsorb P; rapidly, selectively, and reversibly.

Importantly, PBP-based adsorbents feature much higher P; binding affinity (approximately >10
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times more) compared to other adsorbents in literature (Table 2). Moreover, PBP-IOPs offered
superior ability to recover P; compared to unmodified IOPs, which is essential to promote not only
P; removal, but also recovery as part of a circular phosphorus economy. Future studies assessing
long-term stability of the PBP-IOP adsorbent would further advance understanding of its use in
full-scale wastewater treatment applications.

Monolayer adsorption (Langmuir model) characterized PBP-IOP interactions with P;.
Conjugation of PBP to higher surface area IOPs (i.e., smaller particle size) increased the overall P;
attachment capacity relative to PBP immobilized on NHS-activated Sepharose beads. The PBP-
IOP adsorbent enhanced the removal capacity of P; compared to previous PBP systems (i.e., PBP
immobilized on Sepharose resin). Yet, P; removal capacity was still low compared to other
adsorbents. Future work to improve P; capacity should include improvements in the base
immobilization material as well as working with smaller biomolecules such as pared down peptide
sequences retaining the selective P-binding capabilities provided by the amino acid residues
present in the binding pocket of PBP. Designing engineered peptides to capture and release P;
would not only simulate the functionality of natural proteins but also boost P; removal capacity by

increasing the attachment density of the functionalized material.
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