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ABSTRACT: We present a single-step nonthermal plasma
method for the synthesis of near-infrared (NIR)-emitting and
water-soluble Si quantum dots (QDs) for bioimaging applications.
Oxygen gas and water vapor were introduced together with acrylic
acid (AA) into the afterglow region of the synthesis plasma leading
to the surface functionalization of the upstream synthesized Si
QDs. The simultaneous surface oxidation and ligand grafting
enabled solubility and colloidal stability of the Si QDs in water, as
evidenced by strongly reduced hydrodynamic diameters. Aged Si
QDs in water emitted NIR photoluminescence (PL) at around 830
nm. The PL quantum yield of the Si QDs in water increased over
time from initially undetectable to ~30% after 8 days. Cell viability
tests showed that >70% of 3T3 cells survived for 24 h at a
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concentration of 200 ug/mL of oxidized AA grafted Si QDs. The water solubility, NIR emission with a high quantum yield, and cell

viability make the Si QDs promising for bioimaging applications.
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1. INTRODUCTION

Fluorescence bioimaging is an established and powerful
noninvasive imaging technique providing real-time, high-
contrast and high-resolution information.' ™ Recently, fluo-
rescence bioimaging in the near-infrared (NIR) region has
garnered attention because it significantly reduces the influence
of autofluorescence, absorption and scattering by tissue, skin,
fat and blood.* NIR windows at 650—950 and 1000—1400 nm
allow deep tissue penetration, improving image quality.”

Silicon quantum dots (Si QDs) are desirable among
fluorescent bioimaging probes for NIR imaging. In contrast
to organic dyes, the emission of Si QDs is tunable within red-
to-NIR spectral range” with high photoluminescence quantum
yield (PLQY) and long-lived photoluminescence (PL) decay.’
In contrast, organic dyes emit in the ultraviolet (UV)-visible
range with low PLQY and short lifetimes.” The longer PL
lifetime enables enhanced image contrast by gating out fast
autofluorescence photons from cells, tissues, and others.”®
Moreover, the large Stokes shift of Si QDs prevents
reabsorption of the emitted light, enhancing sensitivity.”” In
contrast to many other semiconductor QDs, Si QDs exhibit
lower toxicity than heavy metal-based II-IV and III-V
QDs.'”"" The biocompatibility'* and biodegradability'® of Si
QDs are also advantageous; Si QDs are decomposed into
silicic acid in the body and excreted in urine."
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For bioimaging applications, Si QDs need to be water-
soluble. To date, water-soluble Si QDs have been prepared
mainly by multistep methods, which comprise the synthesis of
pristine Si QDs and the subsequent processing to form
hydrophilic surfaces. Postprocessing methods to impart
hydrophilicity on Si QDs include the formation of surface
oxides®” and the surface functionalization with polar ligands,
such as amines,'*'® carboxylic acids,"*"*° polyethylene glycol
(PEG) groups,”' ~** and biomolecules such as amino acids,
proteins, and sugars.”> ™’

In contrast to previous multistep methods to solubilize Si
QDs, here we present a single-step nonthermal plasma
synthesis method for Si QD synthesis and solubilization in
water. This work builds on our previous work to synthesize
and surface functionalize Si QDs in a single step in a
nonthermal plasma.””**™*° In this single-step method, hydro-
gen-terminated Si QDs are first synthesized in the plasma
region of a continuous flow plasma reactor, and then surface
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functionalized further downstream in the plasma afterglow.
This single-step synthesis method saves time and energy in
producing functionalized Si QDs, generating less chemical
waste compared to other solution-based methods. Further-
more, it provides narrow size and shape distributions as well as
crystallinity of the Si QDs.”"

Water-soluble Si QDs were previously prepared by first
synthesizing acrylic acid (AA) grafted Si QDs (AA-Si QDs)
using the single-step method discussed above and an then
reacting these QDs with PEG for 72 h.>* The post-treatment of
the gas-phase produced AA-Si QDs was required because the
surface coverage of Si QDs with AA ligands achieved via gas
phase functionalization is typically less than 30%, which is
significantly lower than that of Si QDs functionalized in the
liquid phase.’” Based on this prior work, we hypothesize that
the water solubility of Si QDs synthesized by single-step
nonthermal plasma synthesis can be significantly improved by
increasing the Si QDs’ surface coverage with hydrophilic
surface groups.

Here, we report a single-step synthesis of NIR-emitting and
water-soluble Si QDs by combining in-flight AA functionaliza-
tion and simultaneous surface oxidation in one nonthermal
plasma reactor. An oxidizer, either oxygen (O,) or water vapor
(H,0), was introduced simultaneously with the AA ligands
into the afterglow of the nonthermal synthesis plasma. The
C=C bond in AA reacts with Si—H bonds on the Si QD
surfaces, aided by plasma, resulting in the formation of Si—C
bonds.”*™*° Simultaneously, O, or H,O replaces hydrophobic
Si—H bonds with hydrophilic Si—O bonds. Since the
replacement of H atoms with O atoms can naturally occur in
ambient air, the plasma-assisted process likely enhances the
removal of surface hydrogen atoms. To evaluate the suitability
of the so-produced Si QDs for potential bioimaging
applications, cell viability tests were conducted with 3T3 cells.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Water-Soluble Si QDs. Figure 1 shows a
schematic of the synthesis of oxidized AA-Si QDs in a single-step
plasma reactor. The reactor was based on the nonthermal plasma
reactor developed for the fast synthesis of silicon nanocrystals
described in ref 33. Hydrogen-terminated Si QDs (H—Si QDs) are
synthesized in the intense plasma region near the copper ring
electrodes; the surface functionalization process follows downstream
in the plasma afterglow region with reduced plasma density. AA and
oxidizer molecules are injected into the afterglow region through a
side arm with Ar carrier gas. After the surface functionalization, Si
QDs pass through a slit-shaped orifice and are collected on a substrate
by impaction.>* The AA-Si QDs oxidized with water vapor and O, are
referred to as AA-H,0—Si QDs and AA-O,—Si QDs, respectively.

The quartz tube utilized had two different diameters; the upstream
part had an outer diameter (OD) of 0.375 in., while the downstream
part was 1 in. in OD. The wall thickness of the 1-in. section was 0.13
in. To generate the plasma, radio frequency (RF) power was applied
through an impedance matching network to a pair of copper ring
electrodes at 13.56 MHz and 60 W. The reflected power was kept
lower than 2 W. Here power refers to the power supplied by the RF
power supply, the power actually coupled into the plasma is expected
to be lower. The position of the ring electrodes was 3—4 cm upstream
of the afterglow gas injection points.

The reactor pressure ranged from 2.6 to 2.8 torr, measured at the
top of the reactor tube. The flow rates of silane and the main Ar gas to
dilute silane were 14 and 30 sccm, respectively. AA or AA/H,0
solution in a bubbler was delivered with 50 sccm of Ar through a
separate line. The bubbler pressure was adjusted by a needle valve at
the bubbler downstream, and the typical bubbler pressure was around
25 mtorr with the valve fully opened. The glass tube of the bubbler
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Figure 1. Schematics of nonthermal plasma reactors for the all-gas-
phase synthesis of (a) AA-H,0—Si QD and (b) AA-O,—Si QD.

was covered with aluminum foil to prevent the polymerization of AA.
Si QDs were collected downstream of the reactor by inertial
impaction, passing through an orifice. The mass yield was 0.3 mg/
min.

2.2. Material Characterization. X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, and dynamic light scattering
(DLS) were conducted for the characterization of the Si QDs. XRD
patterns were obtained using a D8 Discover diffractometer (Bruker,
Billerica, MA) with a Co X-ray source. The XRD samples were
prepared by deposition on a glass substrate as a pile. An Alpha
spectrometer (Bruker, Billerica, MA) with a diffuse reflectance
infrared Fourier transform (DRIFT) module was used to perform
FTIR spectroscopy in a glovebox under a nitrogen atmosphere.
Samples for the DRIFT module were prepared by directly depositing
them on a piece of aluminum-coated Si wafer. DLS measurements
used a Nanoflex DLS nanoparticle size analyzer (Microtrac, York,
PA). All DLS samples were prepared with a concentration of 1.5 mg/
mL.

Optical characteristics of the Si QDs were studied by PLQY and
time-resolved PL (TRPL) measurements. A USB2000 spectrometer
(OceanOptics, Orlando, FL) was used to collect the PL spectrum
with an integrating sphere. The excitation source was an LED diode
with a wavelength of 396 nm mounted in the integrating sphere. For
TRPL, a DeltaFlex TCSPC Lifetime Fluorometer (Horiba, Irvine,
CA) was employed with an excitation source of a 407 nm laser, and a
delay time of 13 ps.

2.3. Cell Culture and Cell Viability Measurement. All Si QDs
were aged in DI water for at least 1 week to be NIR-emitting before
sample preparation. The cell viability tests were conducted three times
on three different dates using three replicates of each QD type (AA-
0,- and AA-H,0-Si QDs) and concentrations (100, 200, and 400
pg/mL). When cell confluency reached ~50—60%, Si QDs were
added to 3T3 cells and incubated for 24 h.

NIH 3T3 cells (CRL-1658; AmericanType Culture Collection,
Manassas, VA) were cultured in Dulbecco’s modified Eagle medium
(DMEM), 10% fetal bovine serum, and 1% penicillin/streptomycin at
37 °C humidified atmosphere of 5% CO,. Cells were routinely
passaged before reaching 80% confluency by washing twice with
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Figure 2. (a) XRD patterns of AA-Si, AA-H,0—Si, AA-O,—Si QDs. (b) Hydrodynamic diameters of functionalized Si QDs dispersed in water at
1.5 mg/mL. (c) Photographs showing the results after adding water to the as-synthesized AA-Si, AA-O,—Si, and AA-H,0—Si QDs, followed by

mixing by hand-shaking the vials.
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Figure 3. (a) FTIR spectra of AA-Si, AA-H,0-Si, and AA-O,—Si QDs. (b) FTIR spectra focused on O;—Si—H and Si—H bands.

Dulbecco’s phosphate-buffered saline and then harvested with a
0.25% Trypsin solution. For cell viability measurements, approx-
imately 1000 cells per well were seeded in a 96-well cell culture plate.
After incubation at 37 °C in a humidified atmosphere with 5% CO,
for 48 h, the culture medium was replaced with the Si QD solution.
The composition of Si QD solution is 100 or 200 ug Si QDs dissolved
in phenol-red free culture medium (10% fetal bovine serum and 1%
penicillin/streptomycin in FluoroBrite DMEM). After incubating cells
with Si QD solution for 1 day at 37 °C humidified atmosphere of 5%
CO,, Si QD solution was carefully replaced with phenol-red free
culture medium. 10 yL of FastCounting solution was added to each
well of the plate. After 4 h of incubation in the incubator, absorbance
at 450 nm was measured using a Spark Cyto plate reader (TECAN,
Baldwin Park, CA). Five replicates were made for control.

3. RESULTS AND DISCUSSION

Figure 2A shows the XRD patterns of AA-Si QDs, AA-H,0—Si
QDs, and AA-O,—Si QDs. The XRD patterns for all three
types of Si QDs show peaks at 28.4, 47.4, and 55.9°
corresponding to Si (111), (220), and (311) reflections,
respectively.” The sizes of the Si QDs were estimated using a
modified Scherrer’s equation for nanocrystals based on the
(220) peaks®®

3 0.94
X
4 wcos @ (1)

where d is the nanocrystal diameter, A is the wavelength of the
X-ray source, 6 is one-half of the diffraction angle, and w is full
width at half-maximum.

21730

The estimated sizes of AA-Si QDs, AA-H,0—Si QDs, and
AA-O,—Si QDs are 4.3, 4.0, and 4.2 nm, respectively. The
similar QD sizes for different oxidation treatments indicate that
the oxygen and water vapor injections do not affect the Si QD
core sizes.

Figure 2B shows the hydrodynamic diameters of AA-Si QDs,
AA-H,0-Si QDs, and AA-O,—Si QDs measured by DLS in
deionized (DI) water with a concentration of 1.5 mg/mL. The
hydrodynamic diameters of AA-Si QDs, AA-H,0—Si QDs, and
AA-O,—Si QDs are 81 + 34, 12 + 4.7, and 10 + 3.6 nm,
respectively. The strong reduction of the Si QD hydrodynamic
diameters with oxidizer injection indicates significantly reduced
aggregation of these Si QDs in aqueous solution. The
hydrodynamic diameters measured by DLS are typically larger
than the actual particle sizes as determined by XRD.”” DLS
measurements indicate not only the actual particle size but also
contributions from surface ligands, surrounding solvent
molecule layers, and any aggregates formed by the QDs. The
discrepancies between XRD and DLS measurements are
consistent with results for AA-Si QDs reported in ref 37.

The improvement of water solubility can be observed by
adding DI water to as-synthesized Si QDs. Figure 2C shows
the dispersion of AA-Si QDs, AA-H,0—Si QDs, and AA-O,—
Si QDs in water. The AA-Si QDs were not readily dispersible
in water. On the other hand, AA-H,0—Si QDs and AA-O,—Si
QDs were easily dispersed in water by shaking the vials for a
few seconds. Also, after dozens of minutes, precipitation was
observed in the AA-Si QD solution, whereas the two samples
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Figure 4. (a) PLQYs and wavelength peak positions of AA-O,—Si and AA-H,0—Si QDs dispersed in water for 0 to 9 days. (b) PL spectra of AA-
0,—Si and AA-H,0-Si QDs on day 2 (dashed) and day 9 (solid) when the PLQY reached saturation in water. Time-resolved PL spectra of (c)
AA-H,0-Si QDs dispersed in water over 2 to S days and (d) AA-O,—Si QDs dispersed in water over 2 to 9 days.

treated with oxidizers remained stable without any precip-
itation for over one year.

The changes in surface species with the oxidizer injections
were investigated by FTIR. Figure 3A shows the emergence of
peaks in 2800—3000, 1700—1800, and 1450 cm™ spectral
ranges, corresponding to C—H stretching, C=0O stretching,
and Si—CH, stretching modes, respectively.'®'” The AA
functionalization induced the replacement of surface Si—H
bonds with Si—C bonds. The increase in the Si—O—Si peaks
(~1080 cm™) to relative to the C=O absorptions with
oxidizer injection indicates the enhanced oxidation of the Si
QD surfaces compared to the untreated AA-Si QDs.*® The
emergence of the O;—Si—H peak at 2200—2300 cm ™" for the
O, and H,O treated samples, which is lacking for the untreated
samples, as shown in Figure 3B, also indicates the enhanced
surface oxidation of the Si QDs upon oxidizer injection.>

The optical characteristics of the water-soluble Si QDs were
characterized by time-integrated and time-resolved photo-
luminescence (PL) measurements. Figure 4A shows the PL
peaks and the PLQY of AA-H,0—Si QDs and AA-O,—Si QDs
over time in DI water. Initially, the PLQYs of the AA-H,O—Si
QDs and AA-O,—Si QDs were lower than the detection limit
of the measurement setup. The PLQYs of the Si QDs
increased over time when stored in water, as shown in Figure
4A. The PLQY of AA-H,0—Si QDs reached a maximum value
of ~32% after 4 days. Meanwhile, it took 9 days for the PLQY
of AA-O,—Si QDs to reach ~30%. While the PLQY of both
oxidized AA-Si QD samples was rising, the PL peak wavelength
continued to blueshift, as shown in Figure 4A, B. During the
storage of the Si QDs in water, the PLQY rise and PL blueshift
occurred concurrently, which can be attributed to the
formation of an oxide shell that passivates nonradiative surface
defects, such as dangling bonds, and leads to a reduction of the
Si QD core size by reacting Si into silicon oxide at the QD
surface.” Some studies have reported improvements in PLQY
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- : o . 0-42
for surface-oxidized Si QDs due to similar mechanisms.**™*

While in the present study the functionalization with AA and
oxidizers provided water solubility, it is likely that residual
surface defects are suppressing radiative recombination in the
Si QDs. Therefore, the growth of the oxide layer contributes to
the enhancement of PLQY by suppressing the residual surface
defects.

While the Si QD oxidation slows down after 9 days, it does
not completely stop. After one year, the oxidized AA-Si QDs,
which were stored in water, exhibited red PL emission at ~600
nm. In cases of wet oxidation, water molecules can penetrate
the silicon oxide shell, even when the Si QDs are protected by
capping agents. Therefore, if the Si QDs are stored in an
aqueous solution for an extended period, they are expected to
undergo thorough oxidation and eventually dissolve into silicic
acid (Si(OH),).

The PL enhancements were further investigated by TRPL
measurements. Figure 4C,D show the PL decay profiles of AA-
H,0-Si QDs and AA-O,—Si QDs. The PL decay can be
described by a stretched-exponential decay model I
Ioexp(—(t/7)P), where 7 is PL lifetime and f is dispersion
factor.*’ The radiative decay dynamics of Si QDs is affected by
surface oxidation in water. As shown in Figure 4C,D, for both
oxidizers 7 increased together over time as the PLQY also rose.
The lifetimes were in the ~100—300 ps range, which is typical
for PL originating from Si QD cores."*™*® The increases in 7
can be explained by surface passivation through oxide shell
formation over time. The reduction of the probability of
nonradiative recombination via surface passivation induces an
increase in 7 toward the radiative recombination lifetime.**~*°
The increase in f# also reflects effects of the surface passivation
through oxide shell formation. Stretched exponential behavior
with f < 1 has been observed both in solid state samples of Si
QDs,** where it is often associated with exciton transfer, as
well as colloidal Si QD samples,”” where this effect should play
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less of a role. While the nature of the origin of the stretched
exponential decay remains under discussion, ff approaching 1 is
usually associated with improved optical properties of Si
QDs. 7

The oxidized AA-Si QDs exhibit good water solubility, small
hydrodynamic diameters, and NIR PL with long lifetimes.
These properties indicate that the water-soluble Si QDs may
have a good potential for bioimaging applications, for which
low toxicity is also required for bioimaging applications. We
evaluated the cell cytotoxicity of the oxidized AA-Si QDs using
3T3 cells. Figure S shows the cell viability of 3T3 cells in the
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Figure S. 3T3 cell viability of AA-H,0—Si QDs and AA-O,—Si QDs
incubated in biological media with three different concentrations of
100, 200, and 400 pug/mL for 24 h.

presence of AA-H,0—Si QDs and AA-O,—Si QDs at different
QD concentrations. For 100 and 200 ug/mL of AA-H,0-Si
QDs and AA-O,—Si QDs, the cell viability is higher than 70%,
whereas most of the cells were dead at 400 ug/mL. Compared
to a previous study with poly-AA-Si nanoparticles (PAA-Si
NPs) and 3T3 cells,””*® the viability of AA-O,—Si and AA-
H,0-Si QDs is lower; in the PAA-Si NP study, the viability
remained around 100% for 24 h up to 200 ug/mL.
Nevertheless, the half-maximal inhibitory concentration ICg,
values of the oxidized AA-Si QDs are higher than 200 mg/L,
which is significantly larger than a typical ICs, value of 25 mg/
L for cadmium-containing QDs.* Therefore, our oxidized AA-
Si QDs can be considered relatively nontoxic for bioimaging
applications.

Our Si QDs also showed a larger toxicity than a previous
study using 10-undecenoic acid functionalized Si QDs and
HeLa cells.”” While our results are not directly comparable to
ref 50 due to the different cell types, the difference in toxicity
may also be the results of different ligands. The 10-undecenoic
acid (CH,=CH(CH,);COOH) ligands used in ref SO are
bulkier than AA (CH,=CHCOOH) used here. The larger
size of 10-undecenoic acid likely results in fewer ligands on the
Si QD surface due to steric hindrance. Since both 10-
undecenoic acid and AA have one carboxylic acid group, it can
be inferred that our Si QDs may have a higher concentration of
carboxylic acid groups. This could lead to more acidic
conditions near the cells, which may cause higher toxicity.

The main advantage of our water-soluble Si QDs lies in the
simplicity of the synthesis method. The process requires less
time, energy, and fewer chemicals compared to other water-
soluble Si QD synthesis methods. For instance, other methods
often require HF treatment to remove oxides and terminate Si
QDs with hydrogen before functionalizing them with AA.
Additionally, hours of UV irradiation are typically needed to
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induce the reaction between organic molecules and hydrogen-
terminated Si surfaces.'””” In solution-phase functionalization,
postprocessing steps such as purification,” filtering,”* or
dialysis'” are necessary to separate the Si QDs and remove
residual reactants. Furthermore, Si QDs are usually synthesized
with hydrogen- or halogen-terminated surfaces, which are
hydrophobic, making it more challenging to achieve water
solubility compared to solubility in nonpolar solvents.

We emphasize that our simple and rapid synthesis method
effectively addresses these challenges, enabling eflicient
functionalization without the need for extensive postprocess-
ing. This approach is more significant than improvements in
cell cytotoxicity alone. Additionally, our Si QDs feature
carboxylic groups, allowing easy decoration with molecules
containing amine groups, demonstrated in ref SI. This
capability not only enhances cell viability but also broadens
the potential biological applications of our water-soluble Si

QDs.”!

4. CONCLUSION

For producing Si QDs suitable for bioimaging applications, the
aim is to synthesize Si QDs with NIR PL and peak PL
wavelengths >750 nm, corresponding to 3—5 nm-sized Si
cores, PLQYs >20% in water, and hydrodynamic diameters
<20 nm. We developed a single-step nonthermal plasma
synthesis of water-soluble, NIR-emitting Si QDs via simulta-
neous oxidation and surface functionalization. The water
solubility of AA-Si QDs was enhanced by adding oxidizers,
either oxygen or water vapor, into the afterglow of the
synthesis plasma. The wavelength of the PL was in the range of
800—900 nm, which is suitable for bioimaging applications.
After aging in water dispersion for 5—9 days, the PLQY
increased by up to ~30% with hydrodynamic diameters of 10
and 12 nm. The PLQY is favorable compared to other water-
soluble Si QDs reported in previous studies, as shown in Table
S1 in the Supporting Information. Additionally, the PL lifetime
was ~200 us, which is at least 100 times longer than that of
conventional fluorescence bioimaging probes. The cell viability
tests showed the suitability of oxidized AA-Si QDs as potential
bioimaging probes providing monitoring times of 24 h at
concentrations of up to 200 pg/mL. The single-step plasma
synthesis of hydrophilic Si QDs discussed here is advantageous
in terms of energy and time consumption by eliminating
postprocessing generally required in the synthesis of water-
soluble Si QDs.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.4c03643.

PL peak wavelengths and QYs of various studies of
water-soluble Si QDs for bioimaging applications (PDF)

B AUTHOR INFORMATION

Corresponding Author
Uwe Kortshagen — Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 55455,
United States; ® orcid.org/0000-0001-5944-3656;
Email: kortsO01 @umn.edu

https://doi.org/10.1021/acsanm.4c03643
ACS Appl. Nano Mater. 2024, 7, 21728—-21734


https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c03643/suppl_file/an4c03643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c03643/suppl_file/an4c03643_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c03643?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c03643/suppl_file/an4c03643_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uwe+Kortshagen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5944-3656
mailto:korts001@umn.edu
https://pubs.acs.org/doi/10.1021/acsanm.4c03643?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c03643?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c03643?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c03643?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c03643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Authors

Yeonjoo Lee — Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 55455,
United States; ® orcid.org/0000-0003-2096-5160

Mihee Kim — Center for Integrated Nanotechnologies, Los
Alamos National Laboratory, Los Alamos, New Mexico
875485, United States; © orcid.org/0000-0002-6258-7287

Jinkyoung Yoo — Center for Integrated Nanotechnologies, Los
Alamos National Laboratory, Los Alamos, New Mexico
87545, United States; © orcid.org/0000-0002-9578-6979

James H. Werner — Center for Integrated Nanotechnologies,
Los Alamos National Laboratory, Los Alamos, New Mexico
87545, United States; © orcid.org/0000-0002-7616-8913

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.4c03643

Author Contributions

Y.L. performed the QD synthesis and the measurements. M.K.
and Y.L. conducted the cell viability test. J.W. was involved in
discussions for the cell viability test. J.Y. arranged and planned
experiments conducted at the Los Alamos National Labo-
ratory. Y.L. and J.Y. wrote the manuscript. U.K. was involved in
the conceptualization of experiments at the University of
Minnesota, supervision of research, acquisition of funding, and
editing the manuscript. All authors have given approval to the
final version of the manuscript.

Funding

This work was supported by the National Institute of Health
under Award RO1DA045549. XRD, XPS, and TEM were
carried out in the Characterization Facility, University of
Minnesota, which receives partial support from NSF through
the MRSEC program Award DMR-2011401. Portions of this
work were conducted in the Minnesota Nano Center, which is
supported by the National Science Foundation through the
National Nano Coordinated Infrastructure (NNCI) Network
under Award ECCS-2025124.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

A part of the research was financially supported by the
Laboratory Directed Research and Development program of
Los Alamos National Laboratory (20230256ER). This work
was partly performed at CINT, a U.S. Department of Energy,
office of Basic Energy Sciences User Facility at Los Alamos
National Laboratory (Contract 89233218CNA000001) and
Sandia National Laboratories (Contract DE-NA-0003525).

Bl ABBREVIATIONS

XRD  X-ray diffraction

FTIR  Fourier-transform infrared

DRIFT diffuse reflectance

DLS  dynamic light scattering

PL photoluminescence

PLQY photoluminescence quantum yield
TRPL time-resolved photoluminescence

fwhm  full width at half-maximum

XPS  X-ray photoelectron spectroscopy
uv ultraviolet
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