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ABSTRACT: A promising method for recycling phosphate from
wastewater is through precipitation of struvite (MgNH4PO4·6H2O),
a slow-release fertilizer. Peptides have been shown to increase the
yield of struvite formation, but producing peptides via solid phase
synthesis is cost prohibitive. This work investigates the effects of
peptide-expressing bacteria on struvite precipitation to provide a
sustainable and cost-efficient means to enhance struvite precip-
itation. A peptide known for increased struvite yield was expressed
on a membrane protein in Escherichia coli(E. coli), and then 5 mL
precipitation reactions were performed in 50 mL culture tubes for at
least 15 min. The yield of struvite crystals was examined, with the
presence of peptide-expressing E. coli inducing significantly higher
yields than nonpeptide-expressing E. coli when normalized to the
amount of bacteria. The precipitate was identified as struvite through Fourier transform infrared spectroscopy and energy dispersive
spectroscopy, while the morphology and size of the crystals were analyzed through optical microscopy and scanning electron
microscopy. Crystals were found to have a larger area when precipitated with the peptide-expressing bacteria. Additionally, bacteria−
struvite samples were thermogravimetrically analyzed to quantify their purity and determine their thermal decomposition behavior.
Overall, this study presents the benefits of a novel, microbe-driven method of struvite precipitation, offering a means for scalable
implementation.
KEYWORDS: struvite, phosphorus recovery, synthetic biology, crystal growth, amelogenin peptide

■ INTRODUCTION
Struvite (MgNH4PO4·6H2O) is a slow-release fertilizer that
readily precipitates at basic pH according to the following
equation:

+ + +

· +

+ +
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4 4

3
2

4 4 2 (1)

where n = 0, 1, or 2 depending on the solution pH.1 Struvite
precipitation is an attractive way to recover excess phosphate
from waste streams,2−5 with life cycle assessment and budget
analysis studies showing the process to be economically viable
when combined with recovery of other products.6−9 Phosphate
is a particularly important nutrient, as nearly all phosphate
applied as fertilizer is sourced from mined phosphate rock�a
resource that is dwindling and expected to cause supply issues
by the end of the century.10

The slow-release characteristic of struvite is desirable in a
fertilizer because it allows for lower amounts of phosphorus
runoff. Currently struvite is formed via chemical or electro-
chemical precipitation from wastewater,8,11,12 where magne-
sium typically needs to be supplemented and the pH adjusted
to get high struvite yields.4 Ammonium and phosphate are

usually at sufficient concentrations such that no salts need to
be added.13 Adding chemicals (i.e., salts or hydroxide for pH
adjustment) increases the cost of the process; however, careful
selection of waste streams that have sufficient magnesium
content1 and introducing a biologic process to modulate pH
could obviate the need to add chemicals. Struvite precipitation
may be coupled with recovery of other valuable products (e.g.,
hydrogen) to further enhance its economic value and mitigate
costs associated with added chemicals.14,15

Struvite also naturally forms as bladder stones, usually
coupled with infection from Proteus species of bacteria.16−18

The biologically induced precipitation of struvite suggests a
potential means to increase struvite formation using bio-
molecules or microorganisms. Our previous studies have
investigated a peptide derived from amelogenin proteins,
shADP5,19 that increases the amount of struvite formation and

Received: May 2, 2023
Revised: June 28, 2023
Accepted: June 29, 2023

Articlepubs.acs.org/materialsau

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsmaterialsau.3c00037

ACS Mater. Au XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

C
A

SE
 W

ES
TE

R
N

 R
ES

ER
V

E 
U

N
IV

 o
n 

A
ug

us
t 2

8,
 2

02
3 

at
 1

7:
53

:3
9 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+D.+Hostert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quincy+A.+Spitzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Giammattei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julie+N.+Renner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialsau.3c00037&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00037?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00037?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00037?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00037?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00037?fig=tgr1&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org/materialsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


induces changes in crystal morphology.11,20 The primary
sequence of shADP5 is SYENSHSQAINVDRT. When coupled
with an electrochemical system, surface-bound shADP5
peptides increased struvite production even at neutral pH.11

Other peptides like polyaspartic acid21 have also been shown
to alter crystal morphology but to the detriment of struvite
yield. While peptides are a promising means to increase the
yield of struvite, they are often made through chemical
synthesis or biological production followed by separation and
purification�neither method being particularly low cost.
Producing the peptide via bacteria-based platforms without
purification has the advantage of being better adapted for
scalable systems, with both aerobic and anaerobic digestors
being well-established unit operations in wastewater treatment
plants. In addition, a study on biologically assisted struvite
formation highlights that the metabolism of bacteria can raise
pH and mitigate the need to add base.22 Low-molecular weight
peptides naturally produced by bacteria22 have also been
shown to promote struvite growth, but use of sequence-defined
peptides in an easily engineered bacterial system for struvite
growth remains unexplored.
In this study, we aim to investigate the impact of shADP5

expressed on the surface of Escherichia coli(E. coli) on struvite
production. To achieve this, we genetically modified E. coli
such that shADP5 would be tethered to a membrane protein
(eCPX23) with biterminal peptide display. The biterminal
display enables the use of a second peptide, located at the
opposite terminus, for detection of expression. This membrane
protein system has been used for a variety of applications,
including bacteria−nanoparticle hybrid materials,24 high-
affinity peptide screening,25 and microbial fuel cells,26 but
has not been utilized in the context of struvite precipitation or
phosphate recovery. To precipitate struvite, E. coli was allowed
to grow overnight in the presence of added magnesium or both
magnesium and phosphate. The pH was then adjusted to 10
using sodium hydroxide, and the yield of struvite was
determined gravimetrically after filtration. The identity of the
precipitate was confirmed as struvite through Fourier trans-
form infrared spectroscopy (FTIR) and energy dispersive
spectroscopy (EDS). The proportion of struvite to organic
content was characterized via thermogravimetric analysis
(TGA). The morphology of struvite crystals was also examined
and quantified using both optical microscopy and scanning
electron microscopy (SEM). Overall, this study tests the
hypothesis that shADP5 enhances struvite precipitation when
surface-bound to microbes, which will help shape an
economically viable process for struvite production.

■ MATERIALS AND METHODS

Materials
Deionized (DI) water (H2O) was used throughout the study and was
generated via a mixed bed deionizer tank from Western Reserve
Water Systems (1−10 MΩ). Ammonium phosphate monobasic
(NH4H2PO4, 98%) and magnesium chloride hexahydrate (MgCl2·
6H2O, 99.0−102%) were obtained from VWR. Hydrochloric acid
(HCl, 1 N) and sodium hydroxide pellets (NaOH) for pH adjustment
were obtained from Fisher Chemical. Poly(vinylidene fluoride)
(PVDF) membranes (47 mm, 0.45 μm) were obtained from
MilliporeSigma. Powdered LB media was obtained from Fisher
Chemical. Agar was obtained from VWR. Arabinose was obtained
from Alfa Aesar. Chloramphenicol was obtained from DOT Scientific.
Tris was obtained from DOT Scientific. NaCl was obtained from
Fisher Chemical. Streptavidin, R-phycoerythrin conjugate (SAPE),
super optimal broth with catabolite repression (SOC) medium and

chemically competent MC1061 E. coli were obtained from Invitrogen.
Powdered Luria−Bertani (LB) medium was obtained from Fisher
Chemical. Ethanol (200 proof) was obtained from Sigma-Aldrich.
The shADP5 containing eCPX plasmid was obtained from Genscript,
and pB33eCPX was a gift from Patrick Daugherty (Addgene plasmid
# 23336; http://n2t.net/addgene:23336; RRID: Addgene_23336).
Polystyrene cuvettes were obtained from MilliporeSigma.
Plasmid Construction
Two plasmids were designed to express eCPX membrane proteins.
The first plasmid was the unmodified membrane protein,
pB33eCPX�referred to in this study as MEMP. This plasmid was
used to assess the impacts of bacteria and expression of the membrane
protein (eCPX) on struvite precipitation. The second plasmid,
referred to as MDEN in this study, was designed to express the
shADP5 peptide on the C-terminus and a fluorophore-binding
peptide consisting of a streptavidin−R-phycoerythrin (SAPE) tag
(primary sequence: AECHPQGPPCIEGRK, which binds streptavi-
din−R-phycoerythrin fluorophore, SAPE23) on the N-terminus of
eCPX. Codons were optimized using Benchling software for MDEN.
Both plasmids contained genes for chloramphenicol resistance, and
eCPX was under the control of the L-arabinose operon. The
combination of these genes allows for selection of successfully
transformed bacteria and selective expression of eCPX (and peptide
tags in the case of MDEN) depending on whether or not arabinose is
introduced, respectively. Plasmid sequences may be found in the
Supporting Information. An illustration of expressed MDEN and
MEMP is shown in Figure 1.

Transfection
E. coli cells were transfected with either MDEN or MEMP plasmids.
To transfect the cells, LB agar plates were prepared with 0.025 mg/
mL of chloramphenicol to select for the antibiotic resistance
introduced with the plasmids. The plasmid DNA (MDEN and
MEMP) was centrifuged at 6000 × g and then vortexed for 1 min with
20 μL of DI water. A volume of 2 μL of DNA solution was added to
100 mL of chemically competent E. coli cells. These cells were
incubated on ice for 30 min and then heat shocked at 42 °C for 30 s
using a dry block heater and then placed in ice for an additional 2
min. SOC medium (900 μL) was added to each tube. The transfected
cells were incubated for 60 min at 37 °C and shaken at 225 rpm.
These clones were spread into LB agar plates with 0.025 mg/mL
chloramphenicol and incubated overnight at 37 °C. Single colonies
were grown up and stored at −80 °C in a solution of 50% glycerol and
50% DI water as glycerol stocks.
Fluorescent Assay
To establish that the cells expressed the membrane proteins with a
peptide tag, a fluorescent assay was performed using a 96-well plate.
To eliminate any source of contamination, the wells were washed 25
times with 240 μL of deionized water using a multichannel electronic
pipet and dried with nitrogen gas. After overnight expression (see
Bacterial Culture and Struvite Precipitation), 10 μL of induced and
uninduced cells was labeled with streptavidin−R-phycoerythrin

Figure 1. Cartoon representations of the different plasmids
transfected into E. coli used in this study, MDEN (expressing the
membrane protein shown in orange, sHADP5 peptide shown in blue,
and SAPE tag shown in pink) and MEMP (expressing only the
membrane protein shown in orange).
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(SAPE) and incubated in a dark room at 4 °C. The cells incubated
with the fluorophore were centrifuged for 3 min at 17.8 × g. The
supernatant was collected, and the cell pellets were resuspended in
300 μL of phosphate-buffered saline (PBS). Samples of 150 μL of
induced and uninduced cells resuspended in PBS were added to the
wells, and the fluorescence intensity was measured using a Spectramax
M2 plate reader at an excitation wavelength of 496 nm and an
emission wavelength of 578 nm.
Solution Preparation for Bacterial Expression and Struvite
Precipitation
Tubes filled with LB medium were prepared by combining LB powder
with DI water in a 1:50 ratio. Glass culture tubes were filled with 5
mL of the LB solution and then autoclaved for sterilization.

Three stock solutions were prepared prior to struvite precipitation.
A 1 M magnesium solution was made using DI water and MgCl2·
6H2O. Similarly, a 2 M ammonium phosphate solution was prepared
from DI water and NH4H2PO4. A 4% arabinose solution was made by
vortexing 96 mg of arabinose powder into 2.4 mL of DI water until
completely dissolved and then sterile-filtering into a sterile 2 mL
Eppendorf tube.
Bacterial Culture and Struvite Precipitation
To begin bacterial culture, two LB agar plates containing 0.025 mg/
mL chloramphenicol and 0.0004 g/mL arabinose were streaked with
each of the clones under study from a glycerol stock to make one
MDEN plate and one MEMP plate. The plates were then incubated
overnight at 37 °C to allow for colony formation. Post incubation, one
colony of each clone was picked via pipet and injected into two sterile
tubes each filled with 5 mL LB medium and then incubated overnight
at 37 °C and 225 rpm to create a liquid starter culture.

Bacteria were then transferred from the starter culture to a struvite
culture. Struvite cultures consisted of six different solutions with
varying concentrations of ions, nutrients, and bacteria in tubes
containing 5 mL liquid LB medium. All tubes contained 5 μL of 20%
chloramphenicol, 17.5 μL of 1 M MgCl2, and 50 μL 0.04 g/mL of
arabinose. Varying amounts of ammonium phosphate and bacteria
were then added according to Table 1. Control experiments

consisting of no bacteria and bacteria with no peptide tags were
conducted in samples 1−2 and 5−6, respectively. Once all tubes were
prepared, they were incubated overnight at 37 °C and shaken at 225
rpm.

After overnight incubation, 150 μL of 1 M NaOH was added to
each struvite culture tube to bring the pH to 10 and induce struvite
precipitation. Tubes were then agitated for 5 s upon addition of the
sodium hydroxide to ensure homogeneous distribution. After

agitation, the tubes were allowed to stand for 15 min. All tubes
were given equal amounts of time for precipitation. After
precipitation, samples were vacuum filtered through 0.22 μm Nylon
6,6 membranes and rinsed with ethanol to avoid dissolving the
struvite crystals. Figure S1 shows a diagram of the experimental
procedure.
Optical Microscopy
Directly after crystal precipitation, samples were prepared for
microscopy. After the precipitation reactions, 200 μL of sample was
extracted from each culture tube and injected directly into a clear flat-
bottomed 96-well plate. A Tris-buffered saline solution (150 mM
NaCl, 50 mM Tris) was used to dilute the sample concentrations in
the subsequent rows of the plate for imaging in the case that the
undiluted samples had too high of an optical density. The buffer
solution was prepared by mixing 4.383 g of Tris, 3.0275 g of NaCl,
and 500 mL of DI water. An electronic multichannel pipet was used to
add buffer and perform serial dilutions 1:1.

The 96-well plate was imaged on a Leica DMI6000 inverted
microscope with a well plate stage holder. Images were collected on
samples with no bacteria, samples with MEMP clones, and samples
with MDEN clones. Three separate batches (cultured at different
times) of each sample type were imaged. Analysis of images was done
using ImageJ software. Each crystal was manually traced to determine
the area, perimeter, and Feret diameter. All results were recorded in
Excel for statistical analysis.
Optical Density at 600 nm (OD 600) Measurements
For measurements of bacterial growth, 2 mL of the solution was
pipetted into polystyrene cuvettes with a 1 cm path length.
Absorbance was then measured at 600 nm with LB medium serving
as the blank on a Nanodrop UV−vis spectrophotometer.
Sample Drying
Immediately following vacuum filtration precipitates were stored in a
Thermo Scientific MaxQ 6000 Incubated Stackable Floor Shaker at
30 °C to dry overnight. The dry precipitate was characterized by
measuring mass and analyzing via attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and
thermogravimetric analysis (TGA).
Fourier Transform Infrared Spectroscopy
The dry precipitate was characterized using attenuated ATR-FTIR on
a Nicolet iS50 FT-IR (Thermo Scientific, USA) with a diamond
crystal. Data were collected from 400 to 4000 cm−1 with 4 cm−1

resolution over 32 scans. The collected spectra were normalized to the
maximum peak using Omnic 9 software, version 9.8.372 (Thermo
Scientific, USA). The struvite crystals were analyzed on the Nylon
membrane filters to minimize sample disturbance during data
collection. FTIR was chosen to identify struvite in this study as it
has been in other studies.27−31 The collected spectra were then
compared to a struvite standard from the RRUFF database.32

Scanning Electron Microscopy and Energy Dispersive
Spectroscopy
A small amount of dried precipitate was gently scraped off the
membrane with a sterile spatula and dusted onto a 0.125″ aluminum
stub covered in double-sided carbon tape. Due to the nonconductivity
of struvite, samples were then sputter coated with palladium at 30
mTorr for 30 s on a Denton Vacuum Desk IV TSC Sputter Coater.
All samples were analyzed on a ThermoFisher Scientific Apreo2
Scanning Electron Microscope with a Schottky field emission gun at a
10 mm working distance.

Energy dispersive spectroscopy was performed on field emission
scanning electron microscopy (FESEM) samples using a standard
Everhart−Thornley detector. Three points on each representative
crystal were examined, with full scale X-ray counts between 40 000
and 101 000 for each point to ensure statistical significance.
Pathfinder software was then used to generate EDS spectra with the
following specifications: 10 s frame time, 80 s live time limit, 100 eV
low-energy cutoff, 20 keV high-energy cutoff.

Table 1. Summary of Experimental Conditions for Struvite
Culturea

Sample

2 M
NH4H2PO4
17.5 μL

MDEN E.
coli 20 μL

MEMP E.
coli 20 μL

1�no bacteria, no
ammonium phosphate

2�no bacteria, with
ammonium phosphate

Y

3−MDEN bacteria, no
ammonium phosphate

Y

4−MDEN bacteria, with
ammonium phosphate

Y Y

5−MEMP bacteria, no
ammonium phosphate

Y

6−MEMP bacteria, with
ammonium phosphate

Y Y

aThe contents of struvite sample tubes are described. “Y” indicates the
additive shown in the header row was added to the sample. The final
concentration of NH4H2PO4 in the samples indicated was 7 mM. The
final concentration of MDEN E. coli and MEMP E. coli in samples
indicated was 4 μL cells/mL.
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Thermal Gravimetric Analysis
Dried samples were analyzed on a TGA Q500 (TA Instruments).
Each sample underwent a ramped heating cycle from 20 to 700 °C at
a rate of 20 °C/min. Heating was done on a platinum pan in a
nitrogen atmosphere, with a balance purge flow of 20 mL/min and a
sample purge flow of 40 mL/min. Three runs were completed on each
sample, and crystals from both peptide- and nonpeptide-expressing
bacteria were analyzed. Derivative curves were calculated from the
change of weight percent with temperature using Python and Excel.
The TGA data was used to estimate the purity of the dried precipitate
samples and quantify the percentage of bacteria matter and struvite.
Statistical Analysis
Statistical hypothesis testing was performed using Minitab with α =
0.05. For turbidity data (OD 600) as well as struvite crystal area and
mass measurements, the equal variance assumption was evaluated via
Levene’s test. If equal variance was violated, Welch’s test was
conducted to determine if there were significant differences between
means followed by the nonparametric Games−Howell post hoc test to
determine statistical groupings. If equal variance could be assumed,
analysis of variance (ANOVA) was performed to determine if there
were significant differences between means followed by Tukey's post
hoc test to determine statistical groupings.

■ RESULTS AND DISCUSSION

Expression and Detection of Membrane Proteins
The membrane proteins in this study are under the control of
the arabinose operon, and thus cells need an arabinose source
for their expression. First, growth curve data was recorded
along with culture pH and is shown in Figure 2 for a culture of

peptide-expressing bacteria (containing the MDEN plasmid,
dubbed MDEN bacterial clone). We note that to obtain the
growth curve data in Figure 2 the protocol was similar to that
of the liquid starter cultures except that arabinose was added
after ∼200 min. The pH remained close to 7 for the duration
of the growth curve, with minimal deviation in pH with time.
After the growth characteristics of MDEN bacteria were
understood, fluorescent assays to determine successful
membrane protein expression were performed�shown in

Figure S2. One of the peptide tags on eCPX has strong affinity
for the SAPE fluorophore. Typical analysis to determine the
expression of this peptide involves sorting via flow
cytometry;23 however, we employ a novel fluorescent assay
in this study. After incubating, centrifuging, and rinsing both
induced and uninduced cultures with SAPE, fluorescence was
measured. For uninduced cultures, the fluorescence was an
order of magnitude lower than that of induced cultures. This
indicates that no fluorophore was strongly bound when no
peptides were expressed. The higher fluorescence in induced
cultures indicates the successful expression of the SAPE
binding tag�the fluorescence remains with the cells during
centrifugation and rinsing. Overall, the data using a new
fluorescent technique indicate the membrane protein and
peptide tags were successfully expressed.
Sample Characterization via FTIR and EDS

After successful expression was confirmed, bacterial cultures
were used to precipitate struvite. The precipitate was filtered
from the medium via vacuum filtration. Samples were analyzed
using a combination of attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) and energy
dispersive spectroscopy (EDS) to confirm their chemical
identity. On all FTIR spectra, characteristic struvite peaks were
observed. Specifically, the peaks at 570 and 1000 cm−1 are
attributed to phosphate in the compound, the peak around
1450 cm−1 is associated with water and ammonium ion
vibrations, and the broader, asymmetrical peak at 2800 cm−1 is
attributed to OH/NH bond stretching in the water and
ammonium molecules of the crystal, shown in Figure 3a.20 All
other visible peaks are from the Nylon membrane backing.
Note that the spectra shown in Figure 3a is gathered from
struvite precipitated in the presence of MDEN E. coli
(composition 4 from Table 1, expressing shADP5 on the
surface).
EDS analysis was similarly used to characterize all samples.

The spectra generated from scanning each crystal displayed the
expected peaks of oxygen, magnesium, and phosphorus
representative of struvite crystals (Figure 3b). Nitrogen is
likely also present as determined by the software, but its
predicted peak is obscured by the oxygen peak.
From the quantitative EDS data generated from struvite

samples precipitated in the presence of MDEN E. coli
(composition 4 from Table 1, expressing shADP5 on the
surface), we confirm the individual crystals of precipitate as
struvite by examining atomic percentages of each element
present in the sample, as shown in Table 2. The Mg:P:O ratio
of atomic percent normalized to magnesium is 1:1.32:3.31,
while the Mg:P:O ratio of struvite is 1:1:10. Oxygen is difficult
to measure quantitatively through EDS due to its production
of low-energy X-rays,33 contributing to the difference between
theoretical and measured elemental compositions. Addition-
ally, the vacuum produced during sputter coating and SEM
may have dehydrated the crystals, and dehydrated struvite
would give a theoretical Mg:P:O ratio of 1:1:4, which is closer
to what was observed experimentally. We hypothesize that
further deviations of the measured ratio from struvite could be
due to the bacterial debris observed upon filtration.
Morphology Analysis via Optical Microscopy and SEM

Precipitated struvite crystals were imaged on carbon tape after
being sputter coated with palladium (Figure 4). As seen in
Figure 4b, samples precipitated with MDEN bacteria solutions
(i.e., expressing shADP5 on the surface) consistently display

Figure 2. Growth curve of MDEN bacteria. The OD600 (purple
circles, left axis) represents the turbidity of the medium and is
proportional to the growth of bacteria. The pH (orange squares, right
axis) is measured as well. Arabinose is added at OD600 = 0.5 - 0.6.
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feathery or dendritic morphology associated with higher
supersaturation.34 Alternatively, as shown in Figure 4a, the
samples precipitated with MEMP bacteria appear bulky and
tabular, characteristic of lower supersaturation.34 The crystals
precipitated in cultures using composition 6 (see Table 1�no
peptide tags expressed) are also consistently smaller than those

precipitated using composition 4 (see Table 1�peptide tags
expressed). Figure S3 shows an SEM image of struvite created
without bacteria for comparison, demonstrating that smaller
crystals generally occur without bacteria present. Overall, the
morphological differences seen in Figure 4 provide evidence
that the peptide may function by influencing local super-
saturation�a phenomena we proposed was happening in our
previous work through molecular simulations.11 Larger crystals
could be beneficial in scaled-up systems due to ease of
separation from bacteria. Morphology has been linked to
dissolution kinetics, with dendritic crystals dissolving faster
than tabular crystals, so controlling morphology may become
important when designing fertilizer.35 The dendritic shape
observed in this study is also seen in systems using artificial
urine and Proteus mirablis;36,37 however, systems using

Figure 3. Spectra obtained from struvite precipitated from a MDEN bacterial solution with added ammonium phosphate. (A) ATR-FTIR spectra
for the sample, with transmittance normalized to a maximum value of 1. (B) EDS spectra showing the elemental composition of a single crystal.

Table 2. Atomic Composition of a Struvite Sample
Precipitated from an Overnight Struvite Culture with
Composition 4 in Table 1

Element Average Compostion (%)

Mg 18
P 23
O 58

Figure 4. SEM images of struvite samples on an adhesive carbon tab, illustrating differences between precipitation compositions. (a) Struvite
precipitated with a nonpeptide-expressing bacterial sample (MEMP cultured under condition 6 in Table 1) at 500× magnification. (b) Struvite
precipitated with a peptide-expressing bacterial sample (MDEN cultured under condition 4 in Table 1) at 500× magnification, showing a larger X-
shaped and more feathered morphology.
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Shewanella oneidensis in LB medium showed more tabular
morphology.22,38 The difference in morphology between this
study and studies utilizing other bacterial species may be due
to the generation of different metabolic products (e.g., low-
molecular weight peptides22 or low-molecular weight organ-
ics39).
To further evaluate the morphological differences between

struvite precipitated in MDEN bacteria cultures and MEMP
bacterial cultures, the crystals were imaged in solution via
bright-field microscopy. Images corroborated the SEM data,
with the peptide-expressing samples showing larger, more
dendritic morphology (Figure S4).
To compare the crystal sizes of the bright-field microscopy

samples, crystal areas were manually traced using ImageJ
software to obtain the perimeter, area, and Feret diameter as in
our previous work.20 Crystals with areas greater than 10 000
μm2 were deemed aggregates and removed from the data set.
Final area data gathered from four different samples were
analyzed via Minitab: struvite precipitated with peptide-
expressing bacteria with no ammonium phosphate added
(MDEN, condition 3 in Table 1), peptide-expressing bacteria
with ammonium phosphate added (MDEN condition 4 in
Table 1), bacteria that did not express peptide with no
ammonium phosphate added (MEMP condition 5), and
bacteria that did not express peptide with ammonium
phosphate added (MEMP condition 6). The assumption of
equal variance was tested via Levene’s test, showing an equal
variance assumption to be violated. Welch’s test was then
conducted without assuming equal variances with a resulting p-
value of 0.000 indicating a significant difference (Table S1).
The Games−Howell post hoc test then was performed to
analyze statistical difference between means, with the results
showing that samples precipitated in the presence of peptide-
expressing bacterial solutions have significantly larger area than
their nonpeptide counterparts (Figure 5). A summary of the
post hoc statistical test used is shown in Table S2. In addition,
the presence of ammonium phosphate more than doubled the
crystal size for both bacterial samples, likely due to higher
supersaturation resulting from the greater concentration of
crystallizable ions. Overall, the combined microscopy results

and quantitative size measurements suggest that the presence
of the shADP5 peptide has a positive effect on precipitating
struvite that cannot be accounted for by E. coli alone.
Effect of Peptide-Expressing Bacteria on Struvite Yield

After the struvite cultures were rinsed, filtered, and dried, the
mass of struvite was recorded. Figure 6a shows the results for
each struvite culture condition (1−6 in Table 1), with detailed
statistical results shown in Table S3. The results indicate that
the presence of the bacteria has a significant impact on struvite
yield, however, the impact of the peptide is unclear. In our
previous study in simple solutions, the peptide had reduced
impact on yield when lower amounts of struvite seed crystals
were present.20 Additionally, in another study we found an
∼20% increase in yield when the peptide was surface-bound
compared to without peptide.11 The error was sufficiently high
in this experiment to mask a 20% yield increase. It was also
observed that samples contained different amounts of debris
post filtering (see Figure S5 for an example photograph).
Therefore, TGA was conducted on samples of MEMP and
MDEN with ammonium phosphate (see Table S5 and Figure
S6) to determine relative amounts of organic material present.
This technique also serves to assess purity of the sample. The
data indicate that with simple filtration and an ethanol rinse,
similar end point weight fractions are observed among samples
with bacteria and without bacteria (pure struvite). The
bacterial samples were estimated to be at least 95% struvite
(Table S5). TGA showed that samples cultured with MEMP
bacteria potentially had more bacterial debris than samples
cultured with MDEN. To determine how much bacteria was
present in samples 3−6 (see Table 1), we measured the OD
600 of each solution after incubation. A higher OD 600 was
observed in MEMP samples than in MDEN samples (Table
S6). Using the measured OD 600, mass yield data was
normalized to the amount of bacteria present, shown in Figure
6b, with detailed statistical information shown in Table S4. We
observed a higher yield for MDEN-containing samples when
normalized. This indicates that the peptide is likely still playing
an integral role in struvite precipitation and that the similarity
of the MDEN and MEMP results in Figure 6a are due to
differences in the amount of bacteria present. We can predict
the amount of struvite and other potential precipitates using
the salts added in Table 1. By running a simulation in Visual
MINTEQ 3.1 software, it was found that 4.1 mg of struvite was
predicted to form�a value that closely matches the results in
Figure 6a. Additionally, only struvite was predicted to form as a
precipitate in the range of pH simulated, with highest yield
seen at pH 10 or higher (Figure S7). The amount of struvite
formed is relatively insensitive to pH at a pH of 10 ± 0.5,
where a maximum yield is obtained. Since our experiments
precipitate at pH 10, local changes in pH are not the likely
cause for the increase in yield observed in this study. Higher
yields of struvite seen in the bacteria samples could be due to
metabolic byproducts (i.e., low -molecular weight compounds)
increasing supersaturation and thus yield. Overall, the results
shown in Figure 6 highlight the potential for this peptide to
positively impact struvite yield and the need to further
optimize the bacterial system. For example, trade-offs may
occur between peptide production and bacterial replication,
which both positively influence struvite yield.

Figure 5. Measured areas of struvite crystals vary depending on the
presence of bacterial clones in solution. Letters indicate Games−
Howell mean groupings. Data are represented by the mean ±
standard deviation. Statistical testing and sample sizes can be found in
Tables S1 and S2.
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■ CONCLUSION
Overall, a bacterial system to express shADP5 on the surface of
E. coliwas implemented using a membrane protein with
biterminal peptide display. After verifying successful expres-
sion, impacts of peptide on struvite morphology and yield were
examined. Precipitates were first confirmed as struvite through
FTIR and SEM-EDS. A more feathery, dendritic morphology
was seen when shADP5 was present, in stark contrast to the
more tabular struvite crystals seen when shADP5 was absent.
This is a clear result of expressing shADP5, not simply an
impact of more bacteria, as equal or higher amounts of bacteria
are present in samples without shADP5. The crystals
precipitated in the presence of shADP5 on the surface of E.
coliwere also significantly larger than crystals precipitated in the
presence ofE. colithat did not express shADP5. The
morphological differences in the samples suggested a potential
mechanism of action for the peptide where it impacts local
supersaturations. The yield of struvite, determined gravimetri-
cally, was positively influenced by the presence of bacteria.
When normalized to the amount of bacteria, more struvite was
precipitated when shADP5 was expressed. These results set the
stage for future work to expand the use of this system in
multiple ways. Of particular interest is demonstration of this
system in real wastewater to determine if this methodology
could be implemented to generate struvite as a byproduct of
water treatment. Additionally, there is evidence that struvite
precipitates at more neutral pH, particularly in electrochemical
systems,11,40 suggesting future bioelectrochemical applications
may be of interest in combination with this or another bacterial
platform. Other peptides, or pairs of peptides that work
together synergistically, could also be explored for struvite
production in this system. To identify other peptides, a peptide
library could be constructed and analyzed through the high-
throughput method developed in our previous work.20 Future
work will focus on further optimization, scale-up, and
economic analysis of the bacterial system investigated in this
study. Overall, the system explored in this study is a viable way
to implement peptides for scalable biomolecule-enhanced
struvite production�without sacrificing the struvite-enhancing
properties of the peptide.
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