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1. Summary

The goal of this study was to develop a bioengineering approach for microbial synthesis of
nanoparticles of controlled size and morphology, doped with rare-earth elements (REEs), for
application in photon management. The general approach to synthesis of biotic nanomaterials
taken in this study is to incubate bacteria with precursors for the desired nanomaterials under
conditions that promote bioprecipitation/ biosynthesis of the nanomaterials. This built upon our
established capabilities for biosynthesis of metal sulfides, particularly CdsS, using both wild-type
bacteria and engineered E. coli. Our central hypothesis was that this approach could be adapted,
by engineering both the bacteria and the synthesis protocols, to produce rare-earth element
(REE) doped nanomaterials under aqueous, near-ambient conditions. Our ultimate target was to
dope REEs into fluoride host nanoparticles (prototypically the hexagonal phase of NaYF4) which
are the preferred host for REEs in many optical applications. We proposed to test this hypothesis
and to progress toward the goal of pure microbial synthesis of REE-doped fluoride nanomaterials
in three stages: (i) Dope REEs into CdS by extending existing protocols for CdS biosynthesis;
(i) Biosynthesize the NaYF4 host phase; and (iii) REEs into fluoride hosts to achieve optical
upconversion and downconversion. Key outcomes and accomplishments of this study can be
summarized as follows:

e Demonstrated the first strictly microbial, aqueous and near-ambient temperature biosynthesis
of REE-based nanoparticles exhibiting upconversion, by identifying a novel fluoride-tolerant
extremophile (Shewanella baltica) with inorganic biosynthesis ability.

e Demonstrated, in groundbreaking research, the strictly microbial biosynthesis of fluoride-
based nanoparticles. This answered the open question of whether fluoride-containing
particles could be produced, given the very limited role of fluorine in biological systems
(compared, for example to sulfur) and the lack of any prior studies of biosynthesis of fluoride
phases.

e Produced, for the first time, under agueous near-ambient conditions, rare-earth sulfides (TbS,
EuS) that are not readily prepared by chemical methods. This demonstrates a new capability
of biosynthesis with clear advantages over chemical synthesis.

e Demonstrated the first biosynthesis of upconverting rare-earth fluoride particles using E. coli
genetically modified to overexpress specific metal-binding proteins. This is a key step toward
harnessing our bioengineering capabilities to rationally design organisms for biosynthesis.
Clear effects of genetic modification, including enhanced localization of REE in the
periplasmic space, were observed.

e Tested and built understanding of different intracellular and extracellular routes of REE-
based nanoparticle formation, producing fundamental insights into particle formation
mechanisms.

e Demonstrated REE NP formation from two biological host systems, Shewanella baltica (an
extremophile with innate inorganic NP formation ability) and E. coli (a model bacterium for
cellular engineering). Each opens multiple future directions for biogenic REE NP production.

1
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e Produced the first demonstration of the use of bacteria in room-temperature aqueous
chemical synthesis of REE-doped NaYF4, achieving bright upconversion and showing the
ability to alter optical properties using E. coli in place of a traditional reagent.

Ultimately, these outcomes suggest several promising new research directions that could
fruitfully be pursued in subsequent research. The opportunity with the most immediate promise
is the microbial synthesis of rare-earth sulfides, which are difficult to synthesize by conventional
chemical routes, and which are therefore un underexplored but promising family of
semiconductors. In the longer term, large-scale genetic modification of E. coli to enhance its
ability to produce the rare earth fluorides could pay dividends both in terms of intentional
nanoparticle synthesis, and also for capture and separation of rare-earth elements.

2
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2. Introduction

Lanthanide-doped upconversion nanoparticles (UCNPS) represent a highly promising
advancement in the realm of bioimaging agents. Through a process known as upconversion
(UC), these nanoparticles (NPs) harness the sequential absorption of multiple photons by
leveraging the extended lifetime and intricately structured energy levels of trivalent lanthanide
ions within a tailored inorganic host lattice. UCNPs are versatile tools for various bioimaging
applications, promising enhanced depth penetration and resolution for imaging biological
structures and processes.™2 Typically, UCNPs consist of a matrix, sensitizer, and activator,
although some singly-doped UCNPs may lack the sensitizer component. The matrix plays a
central role in determining UCNP properties, with Y3* La3*, and Lu®" ions being commonly
used. Activators, such as Pr3*, Nd**, Sm3*, Tb%", Ho®*, Er®*, and Tm** are incorporated into the
matrix as luminescence centers. To enhance luminescence efficiency, another rare-earth ion,
typically Yb®", can be incorporated as a sensitizer.

NaYF4:Yb,Er is widely recognized as one of the most efficient compositions for UCNPs.* Upon
excitation by a 980 nm near-infrared (NIR) laser, the electrons in Yb3* within NaYF4:Yb,Er NPs
are initially excited. After that, two consecutive energy-transfer processes excite an Er** ion to a
high excited state. Subsequently, after one or more nonradiative decay steps Er®* can emit a
visible photon (red or green).>®

These NPs offer an intriguing alternative to conventional fluorescent probes like organic dyes
and quantum dots. While traditional probes may boast high quantum yields, they often face
limitations such as photodegradation, erratic switching between bright emission and darkness,
low tissue penetration of UV light needed for excitation, and poor biocompatibility.” In contrast,
NaYF4 NPs doped with Er®* and Yb®" exhibit several advantageous properties, including strong
up-converted luminescence, narrow luminescence peaks, low background emission, long
fluorescence lifetimes, resistance to blinking, and good biocompatibility.®

Moreover, REE-doped NaYFs NPs are excited using near-infrared light, which boasts superior
tissue penetration due to lower absorption compared to UV and visible light and generates no
autofluorescence.® These exceptional properties have garnered significant interest for a wide
range of applications, including super-resolution microscopy,® augmenting solar cell
efficiency,! latent fingerprint detection,'? optogenetics,>* photodynamic therapy,*® and
sensing.

Presently, the synthesis of NaYF4:Yb,Er NPs is primarily achieved through chemical processes,
including thermal decomposition (involving organometallic precursors heated in organic
solvents), hydrothermal/solvothermal synthesis (in which rare-earth elements, water, or organic
solvents are heated under high pressure), and co-precipitation (a conventional method for
synthesizing inorganic NPs that typically involves the use of surfactants).!” However,
conventional chemical synthesis methods for producing UCNPs pose risks due to the potential
presence of toxic chemical species adsorbed on the surface of NPs, thereby limiting their
suitability for medical applications.8

In light of the limitations and drawbacks associated with conventional physical and chemical
methods of nanoparticle (NP) synthesis, researchers have increasingly turned to biological
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systems as viable alternatives. Microorganisms, in particular, have emerged as environmentally-
friendly "factories" for NP synthesis.'® Unlike traditional methods, biological synthesis harnesses
the innate mechanisms of living organisms to condense potentially toxic metal species into NPs.

Utilizing biological catalysts inherently requires lower temperatures and pressures, and
eliminates the need for toxic reagents or solvents. Furthermore, the resulting NPs often exhibit
reduced cytotoxicity and phytotoxicity, rendering them suitable for various biomedical
applications.?® Algae, plants, yeasts, and bacteria are among the diverse range of biological
agents capable of performing NP biosynthesis, each contributing to the production of distinct
types of NPs. This diversity in biological systems yields a wide array of NP shapes, sizes,
compositions, and surface state, expanding the range of properties and potential applications of
these NPs.?!

The genus Shewanella exhibits remarkable capabilities in reducing a wide range of metal
species, leading to the biomineralization of diverse metal NPs. Molecular mechanisms associated
with Shewanella for NPs biosynthesis have been extensively documented.?? While the use of
microorganisms for synthesizing NPs is well-established, exploring their potential for
synthesizing UCNPs is a new and essentially unexplored direction.

Recent studies have highlighted the ability of Shewanella oneidensis MR-12 to absorb REES,
laying the groundwork for investigating their role in UCNP biosynthesis.?>?* Moreover,
screenings of Shewanella oneidensis MR-12 knock-out strains have demonstrated their capability
to remove a mixture of REEs from aqueous solution, including ytterbium (YD), a crucial
sensitizer in UCNPs.?°

Given these emerging properties, we tested the Shewanella genus as a biofactory to UCNP
biosynthesis through an easy low temperature and low precursors concentration protocol.
Specifically, we selected Shewanella baltica, isolated from the Antarctic region, renowned for its
resistance to cadmium and tellurium and its ability to biosynthesize cadmium sulfide (CdS)
quantum dots.?®?” The positive outcomes reported in this study represent a pioneering example
of UCNP synthesis through bacterial biosynthesis.

Lanthanide (Ln%")-based NPs are employed in numerous technologies including radar, computer
screens, drug-delivery systems, and high penetration bioimaging.[?-3% Many of these
applications are based on their photoluminescence. Lanthanides with the most efficient
downconverting visible luminescence include trivalent terbium, europium (Eu), and samarium
(Sm) ions.B®Y Their temporal and spectral properties (long lifetime, sharp emission bands, and
large Stokes shifts) make them particularly useful in time-resolved luminescence bioassays.
Their emission is easily distinguished from autofluorescence based on its much longer
lifetime.l*? Although Tb is one of the most luminescent lanthanides, reports of synthesis of Tb-
based NPs are rare.

NPs are commonly made through chemical synthesis, but the large solvent volumes and high
temperatures needed for this approach often limit large scale application. Thus, green and more
sustainable processes to synthesize Th-containing NPs using biological systems at low
temperature without toxic reagents or solvents are needed. A few methods to produce Th-
containing NPs have been reported, mostly based on chemical synthesis.[33-3I
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Metal sulfide NPs (MeS NPs) are used in applications such as antibacterial agents, imaging and
diagnostics, photo- and chemotherapy, pharmacology, and the manufacture of biosensors. 6]
Many Me-S NPs are biocompatible and exhibit physicochemical properties that are useful for
biological applications.” Chitosan-capped TbS (CS-Th2S3) NPs produced using a bottom-up
chemical method were recently reported.*31 Chemical synthesis of REE-doped NPs of metal
sulfides including CdS, ZnS, and PbS has been reported in several studies.®® 4 These REE-
doped NPs form a new class of luminescent materials with narrow emission lines, a large
separation between the excitation and emission wavelengths, and a long emission lifetime.!
Thus, sulfide lattices have potential to be good hosts for Th.

Studies of the interaction of REEs with cells or biomolecules have, to date, been limited. Some
specific enzymes that interact and bind Ln** ions have been described. In this context, the
identification, molecular structure, and nucleotide sequence of a Ce®*-induced methanol
dehydrogenase (MDH) from Bradyrhizobium sp®* and the induction of MDH activity by La%*
ions on proteins exhibiting MDH activity in Methylobacterium radiotolerans™®! were reported.
Later, the MDH gene homologue, xoxF1, was shown to be upregulated in response to La*
exposure in Methylobacterium extorquens.[“®! A highly selective Ln®**-binding protein called
lanmodulin (LanM) was identified in M. extorquens./*”] Despite these prior reports, the biological
relevance of lanthanides remains unknown, and studies of their interactions with cells are
needed.

Th compounds are considered to be of low to moderate toxicity, but only a few reports about Tb
interaction with biological systems have been published.[8-5 The minimal inhibitory
concentrations of different Th compounds against pathogenic bacteria have been described, with
Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus showing MICs over 1
mM.5Y Th biosorption and selectivity by a genetically modified E. coli strain expressing
lanthanide binding tags on the cell surface has been reported.©®>%% Just one study reporting the
biological synthesis of Th.O3z NPs, by incubating ThsO7 with Fusarium oxysporum biomass has
been published. F. oxysporum produces compounds with a very high reduction potential, which
can reduce Th4O7 in aqueous media, yielding Th203 NPs with a 10 nm size.*

5
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3. Methods, Assumptions, and Procedures

The general approach to synthesis of biotic nanomaterials taken in this study is to incubate
bacteria with precursors for the desired nanomaterials under conditions that promote
bioprecipitation/ biosynthesis of the nanomaterials. This built upon our established capabilities
for biosynthesis of metal sulfides, particularly CdS, using both wild-type bacteria and engineered
E. coli. Our central hypothesis was that this approach could be adapted, by engineering both the
bacteria and the synthesis protocols, to produce rare-earth element (REE) doped nanomaterials
under aqueous, near-ambient conditions. Our ultimate target was to dope REEs into fluoride host
nanoparticles (prototypically the hexagonal phase of NaYFs) which are the preferred host for
REEs in many optical applications. We proposed to test this hypothesis and to progress toward
the goal of pure microbial synthesis of REE-doped fluoride nanomaterials in three stages:

(i) Dope REEs into CdS by extending existing protocols for CdS biosynthesis. Here, our
approach was to add REE precursors to our existing protocols for CdS biosynthesis, for multiple
bacterial strains, to test whether the cells would tolerate the REEs, whether the cells would
precipitate the REESs, and whether the REEs would be incorporated into the CdS nanoparticles.
Finally, we would test whether the CdS host material could serve as a photosensitizer for the
REEs. CdS nanoparticles exhibit strong, size-dependent absorbance and could potentially
transfer energy to REEs, which would then re-emit with their characteristic narrow emission
spectrum at much longer wavelengths. We proposed to begin this work with Er** doping of CdS.
Doping of REEs into CdS is inherently challenging because the REEs prefer to be in a +3
oxidation state, rather than the +2 oxidation state of Cd in CdS, and the REEs are relatively
“hard” acids, in the context of hard-soft acid-base theory, and thus interact more strongly with
hard bases (0%, F") than soft bases (S%). While this approach is challenging, it is lower-risk than
the synthesis of the fluoride-doped particles and thus provides a risk-mitigation strategy for the
overall project.

(i) Biosynthesize the NaYF4 host phase. Here, our aim was to use fluoride-tolerant or fluoride-
producing bacteria to promote fluoride accumulation within the cell. Although we initially
proposed exploring the expression of dehalogenase enzymes to release intracellular F-, we
quickly determined that the toxicity of the intended fluoroacetate precursors would be an
impediment to this path and that some fluoride-resistant and fluoride accumulating strains were
already available. Thus, we focused on employing these strains to generate the fluoride-
containing host nanoparticles. We note that there were no prior reports of the microbial
biosynthesis of REE-doped fluorides in the literature, and thus the pursuit of this host phase was
a high-risk, high-reward undertaking.

(iii) Incorporate REEs into fluoride hosts to achieve optical upconversion and
downconversion. Finally, our plan was to combine learnings from the prior two steps to produce
the first microbial biosynthesized REE-doped fluoride nanoparticles and characterize their
physicochemical and optical properties. As a general approach for biosynthesis of REE-doped
NPs, we aimed to co-express multiple genes, each with the prospect of contributing to NP
formation, using plasmids designed to overexpress multiple genes in different combinations to
evaluate their effects on NP production. In this context, we planned to express proteins, peptides,

6
Distribution Statement A. Approved for public release: distribution is unlimited.



and small biomolecules favoring the binding of the REIs of interest for template-assisted growth
(e.g., metallophores, phytochelatins, metallothioneins, and glutathione). Here, the intent was to
induce controlled biosynthesis of NPs by binding individual ions or clusters of Y3* and REE ions
for reaction with F~ to initiate NP nucleation.

The first REE to be employed in these studies was erbium, based on its ability to both upconvert
(to visible wavelengths) and downconvert (to ~1550 nm, “communications” wavelengths) from
near infrared light at 800 or 980 nm. The second REE of interest was ytterbium, due to its ability
to serve as a sensitizer for erbium, based on its relatively strong absorbance near 980 nm. Energy
transfer from Yb3* to Er®* followed by upconverted emission provides clear evidence of co-
incorporation of erbium and ytterbium into the same nanoparticles. Other emitters of interest
were thulium, based on its ability to downconvert from 800 nm to ~1650 nm, and terbium, based
on both its inherent emission and its ability to sensitize erbium. Several other rare-earth ions
including gadolinium and europium were also of interest for downconversion at visible
wavelengths.

We also proposed synthesis of REE-doped materials by conventional chemical routes, for
benchmarking, and characterization of both biosynthesized and chemically synthesized
nanomaterials by an array of methods including electron microscopy, x-ray diffraction, Raman
spectroscopy, absorbance and photoluminescence spectroscopy, and other means.

Further details of experimental protocols are provided in the subsequent section, adjacent to the
results of those protocols.
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4. Results and Discussion

In this section, based on the very specific tasks and milestones of the project, we present the
results and discussion in terms of those milestones, in chronological order. The first milestone
was at the end of the 2" month of the project.

4.1 Task 1: Doping CdS NPs with REEs in E. coli.

Month 2 Milestone: Demonstrate the ability to use a bioengineering approach to change the
identity of specific REE incorporated within the structure of a biosynthesized inorganic
nanoparticle for > 2 different REEs.

To biosynthesize CdS NPs, the bacterial suspension was supplemented with 1 mM L-cysteine
and 100 uM CdCl», then the suspension was incubated with agitation at 37 °C for one hour. To
synthesize the REE-doped CdS NPs, the same protocol was followed, and the doping agent (REE
nitrate) was added. Erbium (Er®"), ytterbium (Yb%*), terbium (Tb®"), neodymium (Nd**),
gadolinium (Gd**) and europium (Eu®*) nitrate doping were evaluated. Figure 1 demonstrates
achievement of this milestone, specifically showing incorporation of Nd and Er into CdS.

REE-doped CdS nanoparticles met month 2 milestone

+ Extended known method for extracellular synthesis of CdS quantum dots to incorporate rare-earth elements
+ Controls show no nanoparticle formation without live bacteria (e.g., medium only, dead cells, cell extract)
« EDS mapping directly demonstrated incorporation of Nd and Er into CdS by biosynthesis

_— Nd-doped CdS Er-doped CdS

b

37°C
’ Stirring

20-30min__
| / S
+ E. colf strain I
+ Cysteine 1 mM 1
+ CdCl, 100 pM
:
EDS chemical mapping of CdS:Nd NPs EDS chemical mapping of CdS:Er NPs
Eu, Tb, and Yb were also biosynthesized by £ coli BW25113 biosynthesized by E. coli BW25113 (DE3).
incorporated into CdS (DE3) cells. A) STEM-HAADF image, A) STEM-HAADF image, and B) Sulfur C)
and B) Sulfur C) Cadmium and D) Cadmium, and D) Erbium maps.

Neodymium maps

Figure 1. Summary of evidence satisfying Month 2 milestone.

Month 3 Milestone (Optical): Engineer a biological system to produce, and then test, functional
REE-containing nanoparticles: Demonstrate a single biogenic nanoparticle composition that
absorbs and emits light in the visible (400 — 700 nm) or near-IR (NIR, 700 nm — 1500 nm) with
an upconverting or down-converting mechanism.

The absorbance and emission spectra of CdS:Er in Figure 2 demonstrate achievement of this
milestone. However, as noted, we did not see evidence of energy transfer from CdS to the REE
dopants, or emission from the REEs.
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All REE-doped CdS nanoparticles exhibit CdS-like downconversion, which is modified by incorporation of REEs

Technically met month 3 milestone, but no evidence of energy transfer from CdS to REEs (CdS-sensitized REE
emission)

Representative absorbance Representative emission spectra

—n
spectra for CdS:Er for CdS:Er Er 0 mM t
1 i ¥
0.4+ 5 8000 Er 4 mM — L
4 T 3 1
5_ Er 0 mM < Er 6 mibd Stirring w
=z 031 Er 2 mM & 8000 Er 16 mM 0Wmin
8 Er 10 mid B ==
= 024 = 4000+
[+~
£ 8 - wl
+ £ colf strain il
g 0.1 E 2000+ + Cysteine 1 mM i
3 100 pM 2
5 G popnt :
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Figure 2. Absorbance and emission spectra showing that biosynthesized Er-doped CdS met
month 3 milestone.

4.2 Task 2: Biosynthesis of REE-doped NaYF4 NPs in E. coli

In our initial experiments with E. coli, we observed nanoparticle formation but did not achieve
the upconverted emission that is characteristic of NaYF4 co-doped with Yb®" and Er®*. Thus, in
parallel with efforts to genetically engineer E. coli, we analyzed the capacity of an extremophile
that is highly resistant to fluoride ions to generate upconverting REE-doped nanoparticles in the
presence of low concentrations of precursors. For that, we incubated Shewanella baltica cells in
presence of 0.5 mM of NaF, Y(NO3)3z, Yb(NO3z)3 and 0.001 mM of Er(NOs)3 in weakly acidic
buffer for 1 h. Cells were then washed and the UCNPs presence was analyzed. We could detect
the presence of electron-dense nanostructures in the periplasmatic and extracellular space and
adhered to outer cell membrane (Figure 3A). These NPs were composed of Na, Y, F, Yb and Er
(Figure 3B). When we excited washed cells after biosynthesis at 980 nm (Figure 3C), we could
detect emission from cells (DAPI and 980 nm emission merge image). This emission was
detected with a peak at 540 nm showing the characteristic upconverted green emission from Yb3*
sensitized Er’*.
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7.5 pm

Figure 3. Transmission electron microscopy, elemental analysis, and fluorescence emission
analysis of UCNPs biosynthesized by S. baltica. A) HAADF image from nanoparticles
adhered to the outer cell membrane and extracellular region (white arrow). B) EDS of

these elements, mapping sodium (yellow), fluorine (green), yttrium (red), ytterbium
(purple), and erbium (white) elemental maps. C) Confocal microscopy analysis of cells
from UCNP biosynthesis using S. baltica stained with DAPI, 980 nm excited upconverted
emission from cells, and merged image.

TASK 2.2: Synthesize NaYF4 NPs in recombinant E. coli strain: We developed genetically
modified bacteria E. coli AcrcB (hyperaccumulator of fluoride), AcrcB-LanM (hyperaccumulator
of fluoride and REE), AcrcB-LanM-LutH (hyperaccumulator of fluoride and REE). We designed
a protocol at room temperature, with genetically modified bacteria added in the absence of
organic solvents at room temperature, where the obtained NaYF4Yb:Er nanoparticles emitted at
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520-520 nm and 650 nm (upconversion) and 1550 nm (downconversion) when excited at 980 nm
(Figure 4).

AcrcB
UP CONVERSION 1 H BIOSYNTHESIS
— 1B — i Lan ol Lan-LutH Ablotic
4 1]
N 1800
3\ A A R 1600
\ 1400
2 - ‘ﬂﬂ _,.rn 1200
20 30 40 50 G0 70 80 1000
acrcB Lan &g

JL ﬂ ﬂ h 20 520 0 54 0S80 600 B20  B40 B0 BHD 0O
.

N ___f\’”- DOWN CONVERSION 1 H BIOSYNTHESIS
L
25 45 55 G5 75 ol =crcB Lan creB LanrlutH - =———sbiotlc
200000
acrcB Lan-LutH 350000
5 300000
4.5 250000
4
1.5 0000
3 150000
25 100000
20 30 a0 50 &0 70 gp 000
r'.U-JC 1100 1200 1300 1400 1500 1600 1700 1E00

Figure 4. Representative XRD patterns from UCNPs biosynthesized using genetically
modified E. coli and optical emission spectra observed upon exciting the UCNPs with a 980
nm laser.

MILESTONE 3: Bio-based production of similarly sized nanoparticles (50 nm width)

We developed different size REE doped NPs from each treatment. From the low concentration
biosynthesis process in Shewanella baltica, after 1 h of incubation at 28 °C we detected a size
range from 30 at 90 nm (Figure 5A,B). Post-biosynthesis heat treatment, conducted at 200°C for
either 1 hour (Figure 5C,D) or 24 hours (Figure 5E,F) in an unstirred autoclave reactor within an
oven, improved the up-conversion emission of these NPs. Despite not reaching the temperature
threshold required for complete organic matter removal via carbonization (i.e., at least 350°C for
16 hours), we believe the post-biosynthesis heat treatment will reduce the influence of
biomolecules associated with the NPs, which may otherwise negatively impact optical

properties, and enhance the crystallinity of NPs, which can enhance upconverted emission. These
heated UCNPs have a ranged size between 3-10 nm and are stable at temperature.
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Figure 5. Size analysis of UCNPs produced by S. baltica after different times of heating at
200 °C. (A) TEM image and (B) size distribution of concentrated UCNPs from the
supernatant without post-biosynthesis heating. The sizes of the NPs range from 30 to 70
nm. (C) TEM image and (D) size distribution of UCNPs heated at 200°C for 1 h. The size
range of the NPs is mainly between 4 to 7 nm. (E) TEM image and (F) size distribution of
UCNPs heated at 200°C for 24 h. The NP size range is between 5 and 10 nm.

On the other hand, from a room temperature high concentration protocol we developed NPs very
similar in size. The size of NaYF4:Yb:Er NPs made with genetically modified E. coli ranged
from 70-280 nm in AcrcB cells, 138-300 nm in AcrcB LanM and 90-250 nm in AcrcB LanM-

LutH cells (Figure 6).
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Figure 6. TEM size analysis from UCNPs synthesized in room temperature protocol using
genetically modified E. coli AcrcB, AcrcB LanM and AcrcB LanM-LutH cells.

Moreover, we obtained Th2Ss (Figure 7) and Y2S3 NPs by adapting a protocol for extracellular
synthesis of other metal sulfides, with REE precursors. Crystalline nanoparticles were produced
at ambient conditions using unmodified E. coli. Terbium was the first REE selected for this
approach, based on its readily observed visible downconversion under UV excitation. These NPs
ranged in size from 2-7 nm. In addition to terbium sulfide and yttrium sulfide, we have produced
similar sulfides of erbium, europium, and ytterbium.
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Figure 7. Transmission electron microscopy characterization of purified ThbS NPs
produced by E. coli. (A) TEM micrograph of purified TbS NPs. (B) Size frequency
distribution of purified NPs. (C, D, E) High resolution TEM micrographs of the
biosynthesized ThS NPs. The inset in Figure E shows the selected area electron diffraction
pattern obtained in the TEM. (E) STEM-HAADF image and the corresponding EDS
elemental maps showing (G) sulfur and (H) terbium localization.
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Figure 8. TEM images, selected area electron diffraction pattern, and particle size
distribution from image analysis for biosynthesized yttrium sulfide NPs.

4.3 Task 3. Engineer rational control of PNCP biosynthesis and properties

Task 3.1: Generate E. coli strain producing both fluoride and metal-binding
proteins/biomolecules. We generated genetically modified E. coli using multiple strategies. One
of them was to express each metal binding protein inside E. coli using a fluoride accumulating
strain (AcrcB) and a non-fluoride accumulating strain (BL21(DE3)). Subsequently, we expressed
the metal binding protein outside the cell using an outer membrane protein (OMP) fused to the
metal binding protein, as illustrated in Figure 9.
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Figure 9. Schematic illustration of strategies employed for genetic modification of E. coli.

Figure 10 provides a schematic illustration of the strategy used to introduce the genetic
modifications in E. coli, followed by a partial list of the plasmids and proteins that were
expressed in E. coli for this project.
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Figure 10. Hlustration of methodology used to introduce metal-binding protein expression
and summary list of plasmids and proteins expressed in E. coli for this project.

All these genetically modified bacteria were used in the REE-based NP biosynthesis through
each protocol designed by our group.

Task 3.5: Synthesize chemically and characterize NaYF4:REE. Representative TEM images
of chemically-synthesized NPs of cubic and hexagonal NaYF4 are shown in Figure 11(A-C).
These are the expected structures and crystal phases, with the expected bright upconverted
luminescence. Representative XRD patterns confirming the crystal phase of each NP type are
provided in Figure 11(D,E). We have not pursued these further, as we focused on developing the
biosynthesis routes.
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Figure 11. TEM images of chemically synthesized NaYF4 NPs. A) cubic and B) hexagonal
phase NaYFa. C) High resolution TEM image of hexagonal NaYF4 NPs. XRD patterns of D)
cubic phase and E) hexagonal phase NaYF4 NPs. Sharp impurity peaks are salt (NaCl)
residue.

4.4 Task 4. Produce and optimize more complex REE-containing NPs in E. coli

Task 4.1: Biogenically generate core-shell NPs in E. coli. This task was accomplished via
biosynthesis of REE-sulfide nanoparticles with different REEs in the core and shell, as shown in
Figure 12 for the prototypical example of TbS core particles coated with an yttrium-based shell.
In this example, the ThS synthesis proceeded as usual except that after 30 minutes of synthesis,
yttrium nitrate was added, leading to the formation of an yttrium-rich shell.

In addition to core-shell structures, we found that doping of ThS NPs could dramatically increase
the quantum yield for downconversion emission. This was measured using an integrating sphere
apparatus to achieve absolute measurements of photons absorbed and emitted, as illustrated in
the left panel of Figure 13.

17
Distribution Statement A. Approved for public release: distribution is unlimited.



Figure 12. Representative TEM images of TbS core/YS shell nanoparticles.
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Figure 13. Illustration of integrating sphere configuration used for measurement of
guantum yield (QY) of downconverted emission from 390 nm to the wavelengths indicated
in the energy level diagram. As tabulated in the accompanying table, the QY of TbS
emission was dramatically enhanced by doping with Gd and by coating with an yttrium-
rich shell.
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5. Conclusion

The results presented above, along with the much more detailed results presented in monthly
meetings and reports, demonstrate that all project milestones were achieved. Most importantly,
the final project goal of producing >2 REE-containing biogenic PCNPs with downconversion
quantum efficiency (QE) exceeding 25% along with >200 nm Stokes shift was substantially
exceeded by the REE sulfide materials shown in Figure 13. The first demonstrations of biogenic
synthesis of upconverting rare-earth fluoride nanoparticles, using both wild-type and genetically-
modified bacteria, was another key breakthrough of this project. These results demonstrate that
microbial synthesis at near-ambient conditions can produce REE containing NPs with useful
optical properties, and in the case of rare-earth sulfides, can produce materials that are difficult
or impossible to access by other means. Further investment would be required to optimize and
scale up the processes for producing rare-earth sulfides and to probe the exploit the mechanisms
of rare-earth fluoride synthesis.
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Appendix 1. Project Coordination, Dissemination, and Translation Efforts

Project Coordination

Describe who was part of your project’s team and what their contributions were:
Pl: Paras Prasad, coordinated overall project and led research team.

co-Pl: Blaine Pfeifer, oversaw all bioengineering aspects of the project

co-PI: Mark Swihart, oversaw all nanomaterial characterization and chemical and hydrothermal
synthesis of nanoparticles.

Key collaborator: José Manuel Pérez-Donoso, advised on biosynthesis protocols and mentored
post-doctoral and graduate student researchers.

Senior Personnel:
Dr. Alexander Baev, theoretical and computational support.

Dr. Andrey Kuzmin, spectroscopic characterization of materials.

Post-doctoral researcher:

Dr. Nia Oetiker, hands-on participation in all aspects of project, especially biosynthesis of REE-
doped NaYF4

Graduate students:

Juan Jose Leon, visiting student from Chile, hands-on participation in biosynthesis, especially
biosynthesis of REE sulfides.

Justin Bassett, genetic modification of E. coli and other bioengineering aspects.

Kaiwen Chen, chemical synthesis of REE-doped nanoparticles, nanomaterial characterization,
hydrothermal synthesis and aqueous high-concentration biosynthesis of nanoparticles.

Note changes in key personnel (if any)
None

Summarize key trips, meetings, or conferences and provide the following:
Bio-INC program review, April 2023

Bio-INC virtual program review, November 2023
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Dissemination and Translation (if applicable)

We have no immediate plans for translation - this was a one-year exploratory project.

Results will be disseminated in roughly 6 publications, of which two are submitted or ready for
submission, and the remainder are at varying degrees of preparation.

Publications and Presentations

Please update the table below with any current or upcoming publications. This section will be
cumulative for your effort.

Sulfide Nanoparticles
using E. coli

Nanobiotechnology

] . Date Sent to
Title, Authors Description/Type DARPA/Agent Status
Microbial Green
Synthesis of _
L uminescent Terbium Submitted to Journal of submitted

Biosynthesis of Up-
converting
Luminescent
Nanoparticles by
Antarctic Shewanella
Bacteria

To be submitted

In preparation

An acknowledgement of the Government's support in any scientific publication developed under
your contract/grant must be included.
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Appendix 2. Schedule: Milestones and Deliverables

Provide a readable, high-level Gantt chart for the project that lists the major milestones and
deliverables for each Task. Use month and year to label your chart, for example, Mar-22. You
may attach the Gantt chart as a separate document. Tasks: Progress, Accomplishments, and

Plans
Table 2-2. Summary of Tasks and Completion Dates
Task Date

Task 1 (UB) |Doping CdS NPs with REEs in E. coli. Nov. 2022
1.1 Produce CdS QDs in E. coli Nov. 2022
1.2 Dope CdS QDs with REEs in E. coli Dec. 2022
1.3 Optically characterize REE-doped NPs Jan. 2023

Milestone (I;);Vr:r:)cr;srt]:/aetret :dblilj)r?ﬁ:(i; :eanncc;[?article composition that exhibits Dec. 2022
1.4 Synthesize chemically and characterize CdS:REE QDs Jan. 2023

Task 2 (UB) |Biosynthesis of REE-doped NaYF4 NPs in bacteria Apr. 2023
21 ﬁf:aigﬁigr;ls. coli strain producing high levels of fluoride Nov. 2023
2.2 Synthesize NaYF4 NPs in recombinant E. coli strain Nov. 2023
Mile-stone  [Bio-based production of similarly sized nanoparticles (50 nm width) |Apr. 2023
2.3 Dope NaYF4 NPs with Er** ions Apr. 2023

) L3t ; 3+ 3 i

TR A R
2.5 Synthesize chemically and characterize NaYFs:REE May 2023
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Produce >5 distinct nanoparticle compositions that downconvert light

Milestone with Stokes shift > 50 nm July 2023

Task 3 (UB) |Engineer rational control of PNCP biosynthesis and properties July 2023

31 Gene_rate E coli strain producing both fluoride and metal-binding Oct. 2023
proteins/biomolecules

3.2 Control NaYF4:REE by genetically modifying E. coli Nov. 2023

3.3 Control NaYF4:REE by modifying the reaction conditions Nov. 2023

3.5 Synthesize chemically and characterize NaYF4:REE Dec. 2022

: Demonstrate interchangeable incorporation of >3 REE; Achieve at

LRI least 1 formulation with >15% QE and >100 nm Stokes shift Oct. 2023

Task 4 (UB) |Produce and optimize more complex REE-containing NPs in E. coli |Dec. 2023

4.1 Biogenically generate core-shell NPs in E. coli Aug. 2023

4.2 Generate core-shell NPs by cation exchange process N/A

Milestone Produce qanopartlclgs YVIth performance-enhancing surface layer Oct. 2023
(>20% thickness variation)

4.3 Synthesize chemically and characterize NaYFs:REE PCNPs Nov. 2023

Mile-stone  [Change Vvis/NIR absorbance/emission by changing REE stoichiometry

Milestone Provide statl_Js report comparing attributes and limitations of biogenic Sept. 2023
and conventionally-prepared PCNPs

. Demonstrate size control of REE-doped core-shell PCNPs, 5 to 30 nm

Milestone . . . : . Nov. 2023
diameter, <10 nm variation, size-dependent optical properties

Final goal Demonstrate >2 REE-containing biogenic PCNPs with < 50 nm Nov. 2023

emission FWHM, >25% QE, and >200 nm Stokes shift; final report
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

AFRL Air Force Research laboratory

EDS Energy-Dispersive X-ray Spectroscopy

NP Nanoparticle

REE Rare-earth element

RXEB Biomaterials Branch, Photonic, Electronic, and Soft Materials Division, Materials

and Manufacturing Directorate

SAED Selected Area Electron Diffraction
STEM Scanning Transmission Electron Microscopy
TEM Transmission Electron Microscopy
UCNP Upconverting Nanoparticle
WPAFB Wright-Patterson Air Force Base
XRD X-ray Diffraction
29

Distribution Statement A. Approved for public release: distribution is unlimited.



	X22U Notice and Signature Page_Dennis_Meade
	RXEB X22U AFRL-RX-WP-TR-2024-0022 working



