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Abstract

Ultrasmall inorganic nanoparticles (sub-5 nm) have unique biomedical
advantages due to rapid clearance, enhanced imaging contrast, and potent
therapeutic properties. However, current synthesis methods are limited by low
throughput, polydispersity, and reliance on harsh conditions such as organic solvents
or high temperatures. We report a scalable, single-step agqueous synthesis using a
confined impinging jet mixer (CIJM) that produces size-controlled, clinically relevant
nanoparticles, including silver sulfide, silver telluride, cerium oxide, and iron oxide,
under ambient conditions. The resulting nanoparticles are homogeneous, stable, and
preserve their functional biological properties. We demonstrate consistent
performance across scales, establishing the CIJM as a versatile and reproducible
method for producing ultrasmall inorganic nancparticles suitable for clinical

translation and high-throughput biomedica!l app!ications.

Keywords: Microfluidics, Nanoparticles, Silver Sulfide, Silver Telluride, Cerium
Oxide, Iron Oxide



Introduction

Inorganic nanoparticles are versatile agents for biomedical imaging and
therapy, with applications spanning magnetic resonance imaging (MRI), computed
tomography (CT), photoacoustics, and targeted drug delivery.[1-4] Ultrasmall
nanoparticles (<5 nm) are of particular interest due to their ability to undergo renal
clearance, reducing long-term organ retention and potential toxicity.[5-8]
Additionally, their high surface-to-volume ratios enhance catalytic activity and
improved T;-weighted MRI contrast.[9-11]

Despite these advantages, current synthetic methods face major hurdles for
clinical translation. Many require high temperatures, inert atmospheres, or
undesirable organic solvents, limiting both scalability ana biocompatibility.[12-14]
Conventional bulk synthesis approaches often yie!d pclydisperse particles due to poor
mixing control, leading to batch variability, low yields, and costly downstream
processing, further reducing manufacturing efficiency and increasing production
costs.[15-17] There remains a critical need for scalable methods that consistently
generate homogeneous nanoparticles.

Flow-based iicrofluidic systems offer improved control over reaction
conditions and have been explored for nanoparticle synthesis.[14, 18-20] The
confined impinging jet mixer (CIJM) stands out for its rapid mixing kinetics, clog-
resistant design, low-cost scalability, and commercial availability (Fig. 1A).[21-23]
Although the CIJM has been deployed at industry scale for synthesizing mRNA-loaded
lipid nanoparticles in COVID-19 vaccines,[24] its potential for inorganic nanoparticle
synthesis remains unexplored.

Here, we evaluate the CIJM as a scalable platform for the one-step, agueous-

phase synthesis of four clinically relevant inorganic nanoparticles under ambient



conditions: glutathione-coated silver sulfide (Ag2S-NP), glutathione-coated silver
telluride (Ag2Te-NP), dextran-coated cerium oxide (CeNP), and carboxymethyl-
dextran-coated iron oxide (IONP). These nanomaterials span a range diagnostic and
therapeutic uses,[20, 25-31] including photoacoustic imaging, photothermal therapy,
reactive oxygen species (ROS) scavenging, and antimicrobial biofilm disruption.[20,
25, 30-33] IONP, in particular, are FDA-approved for treating iron deficiency,[34-36]
and have been repurposed clinically as an MRI contrast agent and an antibiofilm
therapeutic.[26, 29, 37]

We demonstrate that the CIJM enables the facile synthesis of ultrasmall, stable,
and homogeneous inorganic nanoparticles in aqueous solution, without organic
solvents or elevated temperatures. The platform allows tunable core sizes and
consistent performance across multiple applications, from biomedical imaging and
catalytic protection from oxidative stress to biofilm degradation. Finally, we highlight
the CIJM’s scalability by producing ~1L of Ag2S-NP in just 15 minutes, underscoring

its potential for large-scale manufacturing in biomedical and translational settings.

Results:

To evaluate the versatility of the confined impinging jet mixer (CIjM) for
inorganic nanoparticles synthesis, we prepared four formulations with distinct
biomedical relevance: Ag2S-NP, Ag2Te-NP, CeNP, and IONP. These nanoparticles have
been studied for applications in computed tomography (CT), contrast-enhanced
mammography (CEM), photoacoustics, MRI, and catalytic therapeutics.[20, 25-33, 37]
The CIJM enables rapid, flow-based synthesis via micromixing at the collision point of
two inlet streams (Fig. 1A). Reagents are delivered through each inlet, where
turbulence and rapid mixing induces nanoprecipitation, and the resulting

nanoparticles are collected immediately at the outlet. The method operates entirely



in aqueous solutions at ambient temperature without the need for organic solvents.
Each formulation was synthesized in a single step process using defined inlet
chemistries (Fig. 1B), and the resulting products were reproducible and comparable
to those obtained from established batch methods (Fig. S1).[21, 38, 39] In addition
to small-scale synthesis, we demonstrated scalability by producing ~1L of Ag2S-NP,
confirming that nanoparticle quality was maintained under higher-throughput

conditions.
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The CIJM Enables Synthesis of Ultrasmall, Size-Tunable Ag,S Nanoparticles
Silver sulfide nanoparticles (Ag>S-NP) synthesized using the CIJM exhibited

ultrasmall core sizes, as confirmed by transmission electron microscopy (TEM), and
their UV/visible absorbance spectra (UV/Vis), X-ray photoelectron spectroscopy (XPS),
energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and fourier
transform infrared spectroscopy (FT-IR) were consistent with previous reports (Fig.
2A-C and Fig. S2-3).[40, 41] We assessed nanoparticle stability in biologically relevant
media (H,O, PBS, and PBS + 10% FBS) and observed no changes over seven days,
indicating that ClJM-produced Ag,S-NP remain stable under physiological conditions
(Fig. S4).

To evaluate tunability of particle size, a key parameter for physical properties
and pharmacokinetics, we investigated three synthesis parameters: total flow rate,
flow rate ratio (AgNOs:Na,S), and reagent concentration. Flow rate, varied from 1-7
mL/min per inlet, had minimal effect on particle size, yielding consistent nanoparticles
of ~5.2 = 0.1 nm across conditions (Fig. 2D, Fig. S5A). Although size was unaffected,
higher flow rates increased production throughput, consistent with observations in
organic nanoparticle systems where core size plateaus beyond a critical Reynolds
number.[42, 43] A maximum rate of 7 mL/min/inlet was used, reflecting the upper
limit of our syringe pumps.

In contrast, the flow rate ratio had a pronounced effect. At a 7:1 AgNOs:Na2S
ratio, nanoparticles averaged 1.8 nm, while more balanced ratios produced
progressively larger cores, plateauing at ~5.3 nm at 1:1 (Fig. 2E-G, Fig. S5B). Thus,
flow rate ratio is a robust parameter for tuning the Ag,S-NP size within the sub-5 nm
range. By comparison, reagent concentration (increased up to 30x) had no

measurable effect on core size (Fig. S6), indicating that nanoparticle yields can be



scaled without altering physical properties. Together, these results establish the CIjM
as a tunable and scalable platform for producing ultrasmall Ag2S5-NPs under ambient

conditions.
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The CIJM Enables Synthesis of Ultrasmall, size tunable Ag:Te Nanoparticles

Silver telluride nanoparticles (Ag2Te-NP), analogous to their silver chalcogenide
counterpart Ag25S-NP, were successfully synthesized using the CIJM. In this approach,
hydrazine was added to a mixture of silver nitrate and sodium tellurite to generate
Te?~ /n situ, enabling nanoparticle formation.[44, 45] The resulting Ag=Te-NP were
stable as determined by UV/vis, with a mean core diameter size of 2.1 nm as
determined by TEM, while XPS, EDS, XRD, and FT-IR measurements were consistent
with previously reported studies (Fig. S7-9).[30, 31] Flow rates (1 to 7 mL/min per
inlet) and flow rate ratio variations had negligible effects on core size, consistent with

Ag,S-NPs (Fig. S10 and S11). In contrast, increasing hydrazine concentration to 1.6 M

produced larger particles (2.7 £ 0.2 nm versus ~2.1 nm for lower concentrations),
demonstrating that reducing agent strength cain modulate nanoparticle growth. (Fig.
3A-E).

To further evaluate tunability, we varied the quenching volume (defined as the
volume of DI water added post-synthesis). Increasing quenching volume led to
progressively smaller hanoparticles, with mean diameters decreasing from 4.2 £ 0.1
nm (no quenching) to 1.9 = 0.1 nm (100 mL DI water, Fig. 3F-H and Fig. S12). This
trend suggests that dilution suppresses nanoparticle growth, consistent with previous
reports in IONP systems.[46, 47] Together, these findings demonstrate the CIjM’s
compatibility with Ag=Te-NP synthesis and identify two tunable parameters, reducing

agent concentration and quench volume, that enable control over core size.
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The CIJM Enables ambient synthesis of CeNP with limited size tunability

Cerium oxide nanoparticles (CeNP) were synthesized in the CIJM by mixing an
ammonia solution and a cerium nitrate/dextran solution, where the resulting pH
decrease induced nanoparticle formation.[28, 48] Initial attempts using reagent
concentrations from prior protocols[28, 49, 50] caused mixer clogging; however,
dilution of both streams prevented blockage while still producing nanoparticles (Fig.
S13). Notably, the CIJM method required no heating, in contrast to conventional
synthesis approaches.

Nanoparticle formation was confirmed by UV/vis, TEM, and XPS, which showed
a characteristic absorbance peak at 290 nm, a mean core size of 2 nm, and the
elemental peaks consistent with cerium, respectively, while the composition was
further confirmed with EDS, XRD, and FT-IR (Fig. S14 and S15). These nanoparticles
were smaller than those produced by batch methods (3.5 nm).[50] To evaluate size
tunability, we varied total flow rate, flow rate ratio, and post-synthesis mixing
duration. Across all tested conditions, only modest or negligible changes in core size
were observed (Fig. 4A-I, Fig. S16-519), indicating that, unlike Ag-based NP systems,
CeNP synthesis via CijM offers limited control over particle size with the current
parameters. Nonetheless, the platform supports reproducible, ambient-condition

synthesis of ultrasmall CeNPs.
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The CIJM Enables CMD-coated IONP Synthesis with selective size tunability

Iron oxide nanoparticles (IONP) were synthesized by introducing ammonium
hydroxide (NH4;OH) into a solution of iron salts and carboxymethyl dextran (CMD)
within the CIJM. Compared to conventional bulk synthesis, which typically requires
heating to 90 °C for one hour and an inert atmosphere,[51, 52] the CIJM approach
was conducted at room temperature and under ambient conditions, significantly
reducing processing time and complexity. The CIJM has the ability to produce
nanoparticles in this ambient environment due to the low reagent residence time in
the CIJM due to flash nanoprecipitation, where nanoparticles are formed within
nanoseconds, thus minimizing potential reactions between atmosphere and the

reagents.[53]

IONP formation was confirmed by UV/Vis, TEM, XPS, EDS, XRD, and FT-IR (Fig.
S20 and S21). In addition, DC magnetormetry conducted in a superconducting
quantum interference device (SQUID) established the superparamagnetic properties
of these NP as shown by the absence of hysteresis loops near the zero field (Fig.
S20D). We next investigated tunability of core size and hydrodynamic diameter, as
well as their catalytic activity (Fig. S22-25). Core size was largely unaffected by flow
rate (1 to 7 mL/min/inlet) or flow rate ratio (3:1 to 1:7), with particles averaging 2.2-
2.3 £ 0.1 nm (Fig. S22 and S23). Increasing CMD concentration from 5 to 35mg
moderately increased core diameter, with 30 mg yielding IONP of 2.9 = 0.1 nm (Fig.
5A-D). By contrast, varying NH4OH concentration (0.7-11.2%) strongly influenced
core size, producing particles as small as 1.7 nm at 0.7% NH4OH (Fig. 5E-H). These
results indicate that ligand and base concentrations, but not flow conditions, provide

control over IONP core size. Catalytic activity of the formulations was comparable,

consistent with their similar core sizes (Fig. S24).



Notably, hydrodynamic diameter was tunable across a broad range. Adjusting
flow rate ratio from 1:3 to 3:1 increased hydrodynamic size from 47.2 to 105.5 nm
(Fig. 51). whereas absolute flow rate (1 to 7 mL/min) had no effect (Fig. 5J). NH;OH
concentration inversely modulated hydrodynamic diameter, decreasing from from
81.3 to 27.8 nm as concentration rose from 0.7 to 11.2% (Fig. 5K). As expected,
increasing CMD from 5 to 35 mg reduced hydrodynamic diameter from 175.2 to 15.1
nm (Fig. 5L). These findings demonstrate that, while IONP core size is only modestly
tunable, hydrodynamic diameter, a key property for colloidal stability and /n vivo

performance, can be effectively controlled during ClJM-based synthesis.
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CiJM-synthesized nanoparticles are functional in exemplar biomedical
applications

To assess the biomedical relevance of ClJM-synthesized nanoparticles, we

investigated their performance in experimental models specific to each type.

Ag2S-NP and Ag:Te-NP were evaluated for X-ray imaging using contrast-
enhanced mammography (CEM) and computed tomography (CT) phantoms.[25, 30,
31, 33, 54] At equivalent silver concentrations, both nanoparticle formulations
outperformed iopamidol (a clinical iodinated contrast agent) and their corresponding
metal salts. In CEM imaging, Ag2Te-NP and Ag2S-NP exhibited the highest contrast-to-
noise ratios (CNRs) with CNRs of 19 and 10, respectively, compared to ~9 for
tellurium and silver salts and ~6 for iopamidol (Fig. 6A-B, Fig. S25). Ag,Te-NP
generated higher contrast than Ag,S-NP, attributabie to tellurium’s imaging
properties. In CT phantom imaging, attenuation rates were 76 HU-mg/mL (Ag,Te-NP),
61 HU-mg/mL (Ag,S-NP), and 46 HU-mg/mL (iopamidol), confirming superior contrast

enhancement compared to the ciinical standard (Fig. 6C-D).

CeNP were tested for antioxidant capacity. Both catalase (CAT)- and
superoxide dismutase (SOD)-like activities were detected in CIJM-synthesized CeNP
(Fig. 6E-F). To assess cellular protection from oxidative damage, [28, 50] fibroblast
(BJ5ta) and colorectal epithelial (C2BBel) cells were exposed to hydrogen peroxide
(H>05) with or without CeNP co-incubation. [27] While CeNP alone were non-toxic,
H,0, exposure reduced cell viability by 72% (B)J5ta) and 33% (C2BBel). Co-treatment
with CeNP and H,0, restored viability to baseline levels, confirming their protective,

antioxidant function (Fig. 6G-J).

IONP were evaluated for catalytic (peroxidase-like) and

antimicrobial/antibiofilm activities.[26, 34-37] In a TMB colorimetric assay,[26, 55, 56]



IONP combined with H,0, induced rapid substrate oxidation, demonstrating
peroxidase-like activity (Fig. 6K-L). In parallel, ClIjM-synthesized IONP effectively
disrupted Streptococcus mutans biofilms, killing 99.9% of bacterial cells within 5
minutes when combined with H>0,, a >500-fold increase in biocidal efficacy

compared to either treatment alone (Fig. 6M).

Together, these findings validate that ClJM-synthesized nanoparticles not only
match but in some cases exceed the functional performance of conventionally
prepared analogs, while offering rapid, scalable, and ambient-condition synthesis

without harsh solvents.
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CIJM enables scalable and consistent nanoparticle synthesis

To evaluate the scalability of the CIJM platform, we performed a large-scale
synthesis of Ag,S-NP. Scale-up was achieved by increasing both the flow rate (from 7
to 30 mL/min per inlet) and the total reagent volume (100-fold increase), resulting in
a theoretical 100-fold increase in nanoparticles output within minutes (Fig. 7A).
Inductively coupled plasma optical emission spectroscopy (ICP-OES) confirmed a
~78-fold increase in total silver yield, from 1.1 to 86.1 mg. Nanoparticles from small-
and large-scale batches were indistinguishable in core size and spectral properties,
as verified by TEM and UV/Vis (Fig. 7B-D and Fig. S26), indicating that scale-up did

not affect product quality.

These results demonstrate that the CIJM supports high-throughput production
of ultrasmall inorganic nanoparticles without comproniising homogeneity or stability,
enabling consistent synthesis across scales. Collectively, our findings establish the
ClJM as a reproducible, aqueous-phase platform for synthesizing diverse ultrasmall
inorganic nanoparticles with tunable or controllable sizes, preserved functional
activity, and scalability to production-relevant volumes. By operating entirely under
ambient conditions, without organic solvents, elevated temperatures, or inert
atmospheres, the CIJM provides a versatile and generalizable platform for streamlined

development of clinically relevant nanomaterials.
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Discussion

This study demonstrates that the confined impinging jet mixer (CIJM) enables
rapid, reproducible, and solvent-free synthesis of multiple ultrasmall inorganic
nanoparticles, including silver sulfide (Ag2S), silver telluride (Ag2Te), cerium oxide
(CeNP), and iron oxide (IONP), under ambient conditions. The nanoparticles produced
were homogeneous in size and morphology, as confirmed by TEM, UV/vis, and XPS,
and several formulations exhibited tunable core diameters through adjustments to
flow rate ratios, reagent concentrations, or quenching conditions. The stability of
these nanoparticles were confirmed through their incubation in biologically relevant
media and measuring with UV/vis spectroscopy every day for one week. UV/vis was
utilized as the absorbance curves indicate the nanoparticle of interest being present
in the sample. Additionally, UV/Vis is sensitive to nancparticle size and shape, thus
previous studies have indicated that sianificant changes in spectra correlate to
significant changes in NP morphology due to aggregation.[57] While originally
developed for organic nanoparticle production, our results establish the CIJM as a
scalable and cost-effective platform for inorganic nanoparticle synthesis. Notably,
tunability varied by material: Ag2S-NP size was highly responsive to flow rate ratios,
Ag:Te-NP were more sensitive to reducing agent and quench conditions, and CeNP
and IONP responded to ligand concentration or base strength. These findings suggest
that CIJM-mediated nanoparticle synthesis depends on both particle-specific
chemistries and microfluidic parameters, offering opportunities for targeted
optimization. However, the finding that using more hydrazine led to a larger core size
is surprising, since higher reducing agent concentrations lead to smaller core sizes
for pure metal nanoparticles.[58] Further research is needed to clarify the mechanism

of this finding.



The ClJM-synthesized nanoparticles retained hallmark functional properties
relevant to biomedical applications. Ag25-NP and Agz=Te-NP outperformed iodinated
contrast agents (the clinical standard) in CT and CEM phantom imaging. CeNP
displayed strong CAT- and SOD-like activity and protected mammalian cells from
oxidative stress. IONP demonstrated peroxidase-like activity and effectively
eradicated cariogenic biofilms in acidic pH environment. These results collectively
validate that ClJM-synthesized inorganic nanoparticles are not only structurally well-
formed but also biologically active and application-ready.

We further showed that Ag2S-NP synthesis could be scaled up ~100-fold,
generating a large batch within 15 minutes without compromising nanoparticle
quality. TEM and spectroscopic analyses confirmed equivaience between small- and
large-scale batches. While other microfluidic approaches have achieved high-volume
synthesis, they often require custom fabrication or complex infrastructure. In
contrast, the CIJM offers a commercially available, low-cost, and scalable solution that
can be rapidly implemented for industrial or clinical nanoparticle production.

Previous work has shown that devices such as herringbone, T-junction, and Y-
junction mixers can be used for inorganic nanoparticle synthesis, and more advanced
chaotic mixers can achieve wide size ranges (nm to um) with high reproducibility.[59-
62] Parallel herringbone devices, in particular, can produce higher yields than those
reported here by employing hundreds of parallel channels.[20, 62] However, the CIJM
uniquely combines rapid micromixing, clog resistance, and scalability in a simple,
commercially available format without the need of complex flow arrangements. These
features facilitate cost-effective industrial implementation of clinically-relevant
nanoparticle doses. Given its demonstrated use in producing polymeric and lipid

nanoparticles with core sizes >100 nm,[43, 63] the CIJM could be adapted for a



broader range of inorganic nanomaterials, including larger constructs or those
requiring more complex ligand chemistries.

While promising, our study has limitations. First, experiments explored a
limited flow rate range (1-30 mL/min/inlet), and CIJM performance at higher pressures
remains uncharacterized. Second, while the 1 to 6 nm size range is well-suited for
renal clearance and biomedical use, some applications, such as nanorobotics, may
require larger particles.[64-68] Third, all biological validation was performed in
benchtop models; while these results are highly supportive of the nanoparticles’
therapeutic potential, /n vivo studies will be required to confirm pharmacokinetics,

biodistribution, and efficacy.

Conclusions

Overall, this work establishes the ClJiM as a versatile and generalizable
platform for the rapid, reproducibie, scalable, and tunable synthesis of diverse
ultrasmall inorganic nanoperticles under ambient, solvent-free conditions. By
enabling precise controi over particle formation across multiple chemistries, the CIJM
bridges a key gap between laboratory-scale discovery and clinically relevant
manufacturing. The resulting nanoparticles retain hallmark structural integrity and
functional activity, with early biological validation highlighting therapeutic potential
in imaging, oxidative stress protection, and antimicrobial applications. Together,
these findings position the CIJM as a broadly enabling technology for the streamlined
development of clinically relevant nanomaterials, paving the way for future studies
to expand its use to additional inorganic systems, explore higher-throughput

configurations, and validate /n vivo performance for clinical implementation.
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Materials and Methods

Materials:

Silver nitrate (AgNO3, 99%), sodium sulfide (Na,S), L-glutathione (GSH, 98%), sodium
tellurite (Na,TeOs, 97%), cerium nitrate hexahydrate (Ce(NOs)s, 99.99%), ferrous
chloride tetrahydrate (FeCl,*4H,0, 98%), ferric chloride hexahydrate (FeCl;*6H-0,
99.99%), and carboxymethyl-dextran were all purchased from Sigma Aldrich (St.
Louis, MO). Sodium hydroxide (NaOH), hydrazine hydrate (N,H4, 100%), nitric acid
(HNOs3), and ammonium hydroxide (NH;OH, 28-30%) were purchased from Fisher
Scientific (Pittsburgh, PA). Saliva-coated hydroxyapatite disks were purchased from
Clarkson Chromatography Products Inc. (South Williamsport, PA). Dextran T-10 was
purchased from Pharmacosmos (Holbaek, Denmark). lopaimidol (ISOVUE-300) was
purchased from Bracco Diagnostics (Monroe Towrnship, NJ). A confined impinging jet

mixer (ClJM) was purchased from Holland Applied Technologies (Burr Ridge, IL).



Methods:

Confined Impinging Jet Mixer:

In brief, syntheses were performed using the confined impinging jet mixer (CIJM) by
flowing through it two different aqueous solutions simultaneously (Fig. 1B). Braintree
Scientific syringe pumps (BS-300) were used to inject the solutions into the mixer at
the desired flow rate. Within the mixer, internal micromixing occurs, and the product
is collected in a flask at the outlet. In order to illustrate this micromixing process,
previously reported values were used to model the CIJM using Autodesk Fusion and

Computation Fluid Dynamics (Fig. 1A).[38, 69]

Nanoparticle Synthesis:
GSH-Coated Sub-5 nm Silver Sulfide Nanoparticles:
The method for synthesizing sub-5 nm, Ag,S-NP was adapted from a previous
study.[25] An agqueous solution (5 miL) coritaining 2.8 mg AgNOs and 52 mg GSH (pH
7.4) was placed into a syringe connected to inlet one. Another aqueous solution (5
mL) containing 2 mg Na,S was placed into a syringe connected to inlet two. A flow
rate of 7 mL/min/inlet was used for the syntheses (unless otherwise specified), and
the resulting product was stirred in ambient conditions for 24 hours. The
nanoparticles (NP) were thereafter washed thrice at 4000 rpm centrifugation using DI
water in 3 kDa MWCO tubes and then concentrated to 1 mL. The NP were filtered
using 0.02 um filters and stored at 4 °C until further use.

The scaled-up Ag,S-NP solution was prepared according to the same protocol
above, using 100x more solution for each inlet. The two solutions were placed in
pressurized vessels (5-gallon and 3-gallon stainless steel vessels) connected to a

nitrogen tank with a pressure controller regulating the flow rate.[70] For this study,



the minimum pressure of 2 psi generated a flow rate of approximately 30
mL/min/inlet. The collected output then followed the previous protocol for washing

and filtering.

GSH-Coated Sub-5 nm Silver Telluride Nanoparticles:

A sub-5 nm core, Ag,Te-NP were synthesized using a method adapted from a previous
publication.[30] The aqueous solution (8 mL), containing 10 mg AgNOs; and 83 mg
GSH was loaded into a syringe connected to inlet one. Another aqueous solution (8
mL), containing 15.3 mg Na,;TeOs and 1 mL of N,H; was connected to inlet two. The
flow rate of 7 mL/min/inlet was used for the synthesis (unless otherwise specified).
The reaction was collected into a flask containing 100 mL of DI water and then stirred
for 5 minutes at room temperature. The NP were then washed thrice by 4000 rpm
centrifugation in 3 kDa molecular weight cut-off tubes (MWCO) using DI water and
concentrated to 1 mL. The NP were filtered using 0.45 um filters and stored at 4 °C

until further use.

Dextran-Coated Sub-5 nm Cerium Oxide Nanoparticles

The method for synthesizing sub-5 nm, CeNP was adapted from a previous study.[28,
50] An aqgueous solution (6 mL) containing 20 mg of T-10 dextran and 8.6 mg of
Ce(NOs3)3 was loaded into a syringe connected to inlet one. Another aqueous solution
(6 mL), containing 1% NH4OH was connected to inlet two. The flow rate of 7
mL/min/inlet was used for the synthesis (unless otherwise specified). The reaction
was collected in a flask and stirred overnight. The NP were centrifuged at 4000 rpm
for 10 minutes to remove any large aggregates. The supernatant was then

transferred to a 3 kDa MWCO and washed six times using DI water and concentrated



to 1 mL. The NP were filtered using 0.45 um filters and stored at 4 °C until further

use.

Carboxymethylated Dextran-Coated Sub-5 nm Iron Oxide Nanoparticles

The protocol for synthesizing IONP was devised for this study. A vial containing 1 mL
of DI water and 20 mg of CMD was stirred for five minutes. In a separate vial, 7.2 mg
of FeCl; - 4H,0 and 14.7 mg of FeCls - 6H,0 were dissolved in 0.5 mL of DI water. This
solution was then added to the CMD solution. The resulting mixture was stirred for
five minutes. In the CIJM, the syringe at inlet one contained 1.5 mL of 2.8% ammonium
hydroxide and the other contained 1.5 mL of the CMD-ferrous-ferric solution. The
solutions were injected into the CIJM at 7 mL/min/inlet, unless otherwise specified.
The mixture was then stirred for two hours. The NP were washed with DI water in 100
kDa MWCO tubes five times under 4000 rom centrifugation and then concentrated to

1 mL. The NP was then stored at 4 °C untii further use.

Nanoparticle Characizrization:

UV/Vis Spectromefiry:

A Genesys 150 UV/Visible Spectrophotometer (Thermo Scientific) recorded the
UV/Visible spectra. The samples were prepared by diluting the samples to 10 ug/mL
and placing 1 mL into a cuvette for analysis. On graphs, the absorption intensity

maximum was normalized to one for all samples.

Dynamic Light Scattering



A Malvern Zetasizer was used to measure the particle size of IONP. Samples were
prepared by diluting 100 pL of the nanoparticles into 900 uL of DI water and then

centrifuged at 14.1 RCF. The supernatant was collected and measured with DLS.

Transmission electron microscopy:

A Tecnai T12 electron microscope, which operates at 100 kV, was used to obtain TEM
micrographs for core size measurements. The samples were prepared by placing 10
ML of the concentrated nanoparticles onto a carbon-coated copper grid with 200 mesh
(Electron Microscopy Science). Image) (National Institutes of Health, Bethesda, MD)
was used to measure the core sizes of 100 nanoparticles per sample. Comparison of
all core sizes from the differing synthesis parameters used a one-way ANOVA with

Tukey’s multiple comparisons test.

X-ray photoelectron spectrometer:

A Physical Electronics VersaProbe 5000 X-ray photoelectron spectrometer with a
monochromatic Al K-Aipha source of 1486.2 eV was used to analyze the elemental
composition of the nanoparticles. Samples were prepared by lyophilizing 1 mL of
solution containing 10 mg of NP. The samples were loaded onto a 2 inch round sample
holder and samples were acquired using a 200 micron 50 W electron beam. The pass
energy for the survey and high-resolution spectra was set to 117 and 27 eV,
respectively. Dual source neutralization with a combination of ion gun and electron
neutralization was used during analysis. The data was charge corrected to

adventitious carbon of 284.8 eV binding energy.

Inductively-coupled plasma optical emission spectroscopy:



A Spectro Genesis ICP-OES was used to determine silver, cerium, or iron content
depending on the sample being analyzed. The samples were prepared by adding 10
pL of the concentrated NP solution to 1 mL of nitric acid, overnight. 9 mL of DI water

was then added.

X-ray Powder Diffraction:

The X-ray diffraction (XRD) patterns of Ag,S, Ag,Te, CeNP, and IONP were recorded
using a Rigaku GiegerFlex D/Max-B X-ray diffractometer. The parameter settings for
the acquisition of these patterns were: 45 kV, 30 mA, monochromatized Cu Ka

radiation wavelength of 1.5406 A, scan range of 20-90° and 2° per minute scan rate.

Fourier Transform Infrared Spectroscopy:

The coating of all nanoparticles (glutathione, dextran T-10, and CMD) and
nanoparticles (Ag,S, Ag,Te, CeNP, and IONP) were characterized using fourier
transform infrared spectroscopy (IASCO FT/IR-6800 Spectrometer). The samples were
prepared using lyophilization and grinding into a fine powder.

Phantom Imaging

Contrast-Enhanced Mammography:

A contrast-embedded 5 cm thick tissue-equivalent phantom was used to examine the
contrast properties of the silver nanoparticles.[25] The center portion of the phantom
varied linearly from 100% glandular to 100% adipose tissue equivalent. Adipose
equivalent layers were added to the top and bottom of the phantom simulated the
skin. Samples were prepared at 10 mg/mL (in terms of silver or iodine as appropriate)
of silver sulfide, silver telluride, or iodine, loaded into polyethylene tubes, and

inserted into the phantom. A Hologic 3Dimensions mammography system was used



to image the phantom using a tungsten anode and a 70-um detector. High-energy
(HE) and low-energy (LE) images were acquired, from which a weighted logarithmic
subtraction was performed. Various pairs of HE and LE images were acquired, HE
images were acquired at 49 kV using a copper filter and 90 mAs. The LE images were
acquired at every kV from 20 to 39 kV using a silver filter and 100 mAs. Three sets of
images were collected at each kV and analyzed using Imagej. The contrast-to-noise
ratios were calculated according to a previous study and a one-way ANOVA with

Tukey’s multiple comparisons test was used to determine statistical significance.[32]

Computed Tomography:

A MI Labs microCT scanner was used to measure the attenuation of the Ag,S-NP and
Ag,Te-NP. The phantom was prepared in triplicate with agents in the following
concentrations: 0, 0.5, 1, 2, 4, 6, 8, and 10 mg/miL. These samples were loaded in 200
ML tubes, placed in a rack, and covered in parafilm. The phantom computed
tomography (CT) scan was perforrmed with a tube voltage of 55 kV and isotropic 100-
micron voxels. Osirix MD software and a one-way ANOVA with Tukey’s multiple

comparisons test were used to determine statistical significance.

Catalase-Mimetic Activity Assay:

The catalase-mimetic activity protocol was adapted from a previous paper.[27] In
brief, an Amplex red hydrogen peroxide/peroxidase assay kit was used. CeNP of
various concentrations (i.e 0, 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.5, and 1 mg/mL) were
prepared in the reaction buffer. 50 uL of each concentration was added to a 96-well

plate. Following this, 50 uL of 40 uM hydrogen peroxide was added to the wells and



was incubated for 20 minutes. Finally, 50 uL of working solution was added to each
well and the reaction proceeded for another 30 minutes at room temperature. The

absorbance was then read at 560 nm.

SOD-Mimetic Activity Assay:

The SOD activity was measured based on a previously established protocol using a
SOD colorimetric activity kit.[27] CeNP were diluted using PBS to the concentrations
of 0.003, 0.007, 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.5, and 1 mg/mL. 10 pL of each
concentration was added to a 96-well plate. The substrate and xanthine oxidase were
added to each of the wells and the resulting mixtures were incubated at room

temperature for 20 minutes. The absorbance was then read at 450 nm.

In Vitro Cerium Oxide Protection Against ROS:

The protocol below was adapted from a previous paper.[28] In this assay, 20,000
C2BBel or B)5ta cells, both of which were purchased from ATCC (Manassas, VA), were
placed in 200 pL of celi cuiture media and added to each well of a 96-well plate and
were then incubated for 24 hours to acclimate. The cells were then incubated with
various concentrations of CeNP, hydrogen peroxide, or both for 30 minutes.
Additionally, a positive control of L-glutathione with cell media was added. The
amount of hydrogen peroxide was 0.075% and 0.0125% for C2BBel and B)5ta cells,
respectively. After 30 minutes, the culture media from the wells was discarded, and
the cells were washed with PBS. New cell culture media was added (200 pL) and
incubated again for 24 hours. A MTS assay was used to measure cell viability. The
percentage of viability was calculated compared to the control. A one-way ANOVA

with Tukey’s multiple comparisons test was used to determine statistical significance.



In Vitro Catalytic Activity Assessment:

A colorimetric assay using 3,3’,5,5’-tetramethylbenzidine (TMB) as a probe was used
to measure the catalytic activity of IONP following a previously established
protocol.[56] In brief, 40 uL of the sample (sodium acetate buffer, as a control, and
two IONP conditions) and 4 pL of the TMB assay were added to 922 pL of 0.1 M sodium
acetate buffer and mixed thoroughly. The absorbance was then recorded using the
Genesys 150 UV-visible spectrophotometer at 652 nm. Following this, 34 uL of H,0,
was added to the control and one of the IONP conditions. Catalytic activity was then

monitored at 652 nm every minute for five minutes total.

Oral Biofilm Model

A previously established protocol was used.[26, 29, 71] In brief, biofilms were formed
on vertically suspended saliva-coated hydroxyapatite (sHA) disks (surface area: 2.7
+/- 0.2 cm?2) in 24 well plates. The whole saliva was collected (without any identifiers)
for the sole purpose of coating the hydroxyapatite discs for /n vitro biofilm studies.
All adult subjects provided informed consent under a protocol reviewed and approved
by the University of Pennsylvania. All experimental methods were performed in
accordance with relevant ethical guidelines and regulations. Filter-sterilized saliva
was used to coat each disk for 1 hour at 37 °C. Streptococcus mutans UA159 (ATCC
700610) was grown in ultra-filtered (10 kDa, cutoff) tryptone-yeast extract broth
(UFTYE; 2.5% tryptone and 1.5% yeast extract, pH 7.0) containing 1% (wt/vol) glucose
at 37°C and 5% CO,. The bacteria were grown until midexponential phase was

reached. Approximately 2 x 10> colony forming units (CFU) of S. mutans per mL in



UFTYE culture medium containing 1% (wt/vol) sucrose was inoculated onto these sHA

disks at 37 °C.

In Vitro Antibiofilm Effect of IONP:

Topical treatment of IONP (1 mg of Fe/mL) or the vehicle control containing sodium
acetate buffer (0.1 M NaOAc, pH 4.5) was performed for 10 minutes at 0, 6, 19, 29,
and 43 hours on the sHA disks and biofilms. Following treatment, the biofilms were
washed thrice with a sterile saline solution and the sHA disks were transferred to
culture media. The culture media was changed at 19 and 29 hours. After 43 hours,
the biofilms were exposed to 2.8 mL of 1% H,0, for 5 minutes. The biofilms were then
removed using a spatula and homogenized using batch sonication followed by probe
sonication at an output of 7 W for 30 seconds. The homogenized solution was serially
diluted and plated onto blood agar plates using EddyJet Spiral Plater. The number of
viable cells in each biofilm was determined by counting CFUs and a one-way ANOVA
with Tukey’s multiple comparisons test was used to determine statistical significance.
Magnetometry:

Magnetic hysteresis loops were collected in a Quantum Design MPMS SQUID
magnetometer using the reciprocating sample option (RSO). Field sweeps were from

+50000 Oe to -50000 Oe and then from -50000 Oe to +50000 Oe.

Statistical Analysis:
All experiments were performed in triplicates and labeled below as mean * standard
error mean (SEM) unless otherwise specified. The statistical tests described in the

method section were performed using GraphPad Prism 10 software.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Anselmo, A. C. & Mitraotri, S. A Review of Clinical Translation of Inorganic
Nanoparticles. AAPS /. 17, 5, 1041-54 (2015).

Huang, H. C., Barua, S., Sharma, G., Dey, S. K. & Rege, K. Inorganic
Nanoparticles for Cancer Imaging and Therapy. /. Controlled Release. 155, 3,
344-57 (2011).

Kim, T. & Hyeon, T. Applications of Inorganic Nanoparticles as Therapeutic
Agents. NManotechnology. 25, 1, 012001 (2014).

Zarschlet, K. et. al. Ultrasmall Inorganic Nanoparticles: State-Of-The-Art and
Perspectives for Biomedical Applications. Nanomedicine. 12, 6, 1663-701
(2016).

Ehlerding, E.B., Chen, F., Cai, W. Biodegradable and Renal Clearable Inorganic
Nanoparticles. Adv Sci (Weinheim, Ger.). 3, 1500223 (2016).

Xu, M. et. al. Size-Dependent in Vivo Transport of Nanoparticles: Implications
for Delivery, Targeting, and Clearance. ACS Nano. 17, 20825-20849 (2023).
Yu, M. & Zheng, j. Ciearance Pathways and Tumor Targeting of Imaging
Nanoparticles. ACS Nano. 9, 6655-6674 (2025).

Zelepukin, I1.V., Shevchenko, K.G., & Deyev, S.M. Rediscovery of Mononuclear
Phagocyte System Blockade for Nanoparticle Drug Delivery. Nat. Commun.
15, 4366 (2024).

Na, H. B. et. al. Development of a T1 Contrast Agent for Magnetic Resonance
Imaging Using MnO Nanoparticles. Angew. Chem., Int. Ed. Engl. 46, 5397-
5401 (2007).

Kim, C. K. et. al. Ceria Nanoparticles That Can Protect Against Ischemic

Stroke. Angew. Chem., Int. Ed. Eng/. 51, 11039-11043 (2012).



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Jin, R. Quantum Sized, Thiolate-Protected Gold Nanoclusters. Nanoscale. 2,
343-362 (2010).

Fernandes, C., Jathar, M., Sawant, B.K.S., & Warde, T. Scale-Up of
Nanoparticle Manufacturing Process. AAPS/INSTR. 13, 173-203 (2023).
Paliwal, R., Babu, R.J., & Palakurthi, S. Nanomedicine Scale-Up Technologies:
Feasibilities and Challenges. AAPS PharmSciTech. 15, 1527-1534 (2014).
Shen, J., Shafiq, M., Ma, M., & Chen, H. Synthesis and Surface Engineering of
Inorganic Nanomaterials Based on Microfluidic Technology. Nanomaterials
(Basel). 10, 1177 (2020).

Wang, X. et. al. Preparation of Selective Organ-Targeting (SORT) Lipid
Nanoparticles (LNPs) Using Multiple Technical Methods for Tissue-Specific
MRNA Delivery. Nat. Protoc. 18, 265-291 (2022).

Shepherd, S.J., Issadore, D., & Mitchell, M.J. Microfluidic Formulation of
Nanoparticles for Biomedical Anplications. Biomaterials. 274, 120826 (2021).
Tian, F., Cai, L., Liu, C., & Sun, J. Microfluidic Technologies for Nanoparticle
Formation. Lab Chip. 22, 512-529 (2022).

Dlugosz, O. & Banach, M. Inorganic Nanoparticle Synthesis in Flow Reactors -
Applications and Future Directions. React. Chem. Eng. 5, 1619-1641 (2020).
Hao, N.; Nie, Y.; Zhang, J.X.J. Microfluidic Synthesis of Functional Inorganic
Micro-/Nanoparticles and Applications in Biomedical Engineering. /nt. Mater.
Rev. 63, 461-487 (2018).

Mossburg, K. J., et. al. Towards the Clinical Translation of a Silver Sulfide
Nanoparticle Contrast Agent: Large Scale Production with a Highly
Parallelized Microfluidic Chip. Eur. J. Nucl. Med. Mol. Imaging. 52, 1177-1188

(2024).



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Johnson, B.K. & Prud’homme, R.K. Chemical Processing and Micromixing in
Confined Impinging Jets. A/ChE Journal. 49, 2264-2282 (2004).

Cabeza, V.S., Kuhn, S., Kulkarni, A.A., & Jensen, K.F. Size-Controlled Flow
Synthesis of Gold Nanoparticles Using a Segmented Flow Microfluidic
Platform. Langmuir. 28, 7007-7013 (2012).

Lim, J. M. et. al. Ultra-high Throughput Synthesis of Nanoparticles with
Homogeneous Size Distribution using a Coaxial Turbulent Jet Mixer. ACS
Nano. 8, 6056-6065 (2014).

Zhao, L. et. al. A Review of Confined Impinging Jet Reactor (CIJR) with a
Perspective of mMRNA-LNP Vaccine Production. Rev. Chem. Eng. 40, 887-916
(2024).

Hsu, J. C. et. al. Renally Excretable and Size-Tunable Silver Sulfide
Nanoparticles for Dual-Energy Mammiography or Computed Tomography.
Chem. Mater. 31, 7845-7854 (2019).

Huang, Y. et. al. Iron Oxide Nanozymes Stabilize Stannous Fluoride for
Targeted Biofilm Killing and Synergistic Oral Disease Prevention. Nat
Commun. 14, 6087 (2023).

Kim, J. et. al. Ultrasmall Antioxidant Cerium Oxide Nanoparticles for
Regulation of Acute Inflammation. ACS App/l. Mater. Interfaces, 13, 60852-
60864 (2021).

Naha, P. C. et. al. Dextran-Coated Cerium Oxide Nanoparticles: A Computed
Tomography Contrast Agent for Imaging the Gastrointestinal Tract and

Inflammatory Bowel Disease. ACS Nano. 14, 10187-10197 (2020).



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Naha, P. C. et. al. Dextran-Coated Iron Oxide Nanoparticles as Biomimetic
Catalysts for Localized and pH-Activated Biofilm Disruption. ACS Nano. 13,
4960-4971 (2019).

Nieves, L. M. et. al. Renally Excretable Silver Telluride Nanoparticles as
Contrast Agents for X-ray Imaging. ACS App/. Mater. Interfaces. 14, 34354-
34364 (2022).

Nieves, L.M., Hsu, J.C., Lau, K.C., Maidment, A.D.A., & Cormode, D.P. Silver
Telluride Nanoparticles As Biocompatible And Enhanced Contrast Agents For
X-Ray Imaging: An In Vivo Breast Cancer Screening Study. Nanoscale. 13,
163-174 (2021).

Naha, P. C. et. al. Gold silver alloy nanoparticles (GSAN): an Imaging Probe for
Breast Cancer Screening with Dual-Energy Mamrmography or Computed
Tomography. Nanoscale. 8, 13740-13754 (2016).

Hsu, J. C. et. al. A Biodegradable "One-For-All" Nanoparticle for Multimodality
Imaging and Enhanced Photothermal Treatment of Breast Cancer. Adv
Healthcare Mater. 13, e2303018 (2024).

Long, M., Li, Y., He, H., & Gu, N. The Story of Ferumoxytol: Synthesis
Production, Current Clinical Applications, and Therapeutic Potential. Adv
Healthcare Mater. 13, €2302773 (2024).

Toth, G. B. et. al., Current and Potential Imaging Applications of Ferumoxytol
for Magnetic Resonance Imaging. Kidney Int. 92, 47-66 (2017).

Bashir, M.R., Bhatti, L., Marin, D., & Nelson, R.C. Emerging Applications for
Ferumoxytol as a Contrast Agent in MRI. /. Magn. Reson. Imaging. 41, 884-

898 (2015).



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Huang, Y., Hsu, J.C., Koo, H., & Cormode, D.P. Repurposing Ferumoxytol:
Diagnostic and Therapeutic Applications of an FDA-Approved Nanoparticle.
Theranostics. 12, 796-816 (2022).

Gavi, E., Marchisio, D.L., & Barresi, A.A. CFD Modelling and Scale-Up of
Confined Impinging Jet Reactors. Chem. Eng. Sci. 62, 2228-2241 (2007).
Metzgerand, L. & Kind, M. On the Mixing in Confined Impinging Jet Mixers -
Time Scale Analysis and Scale-Up Using CFD Coarse-Graining Methods. Chem.
Eng. Res. Des. 109, 464-476 (2016).

Ledn-Veldzquez, M. S., Irizarry, R., Castro-Rosario, M.E. Nucleation and
Growth of Silver Sulfide Nanoparticles. /. Phys. Chem. C. 114, 5839-5849
(2010).

Chen, R., Nuhfer, N.T., Moussa, L., Morris, H.R., & Whitmore, P.M. Silver
Sulfide Nanoparticle Assembly Obtained by Reacting an Assembled Silver
Nanoparticle Template with Hydrogen Sulfide Gas. Nanotechnology. 19,
455604 (2008).

Metzger, L. & Kind, M. On the Transient Flow Characteristics in Confined
Impinging Jet Mixers - CFD Simulation and Experimental Validation. Chem.
Eng. Sci. 133, 91-105 (2015).

Subraveti, S.N., Wilson, B.K., & Bizmark, N. Synthesizing Lipid Nanoparticles
by Turbulent Flow in Confined Impinging Jet Mixers. /. Vis. Exp. e67047
(2024). https://doi.org/10.3791/67047

Kulandaivel, L., Park, J., Sivakumar, P., & Jung, H. Hydrazine-assisted
Hydrothermal Synthesis of NiTe and NiTe2 Nanorods. /. Mater. Sci..Mater.

Electron. 34, 1557 (2023).



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Li, J. et. al. Morphology-controlled Synthesis, Growth Mechanism, and
Applications of Tellurium Nanostructures. Mater. Adv. 5, 7548-7560 (2024).
Besenhard, M. O. et. al., Small Iron Oxide Nanoparticles as MRI T(1) Contrast
Agent: Scalable Inexpensive Water-based Synthesis Using a Flow Reactor.
Nanoscale. 13, 8795-8805 (2021).

G. Hemery et. al. Tuning Sizes, Morphologies, and Magnetic Properties of
Monocore Versus Multicore Iron Oxide Nanoparticles through the Controlled
Addition of Water in the Polyol Synthesis. /norg. Chem. 56, 8232-8243 (2017).
Nosrati, H., Heydari, M., & Khodaei, M. Cerium Oxide Nanoparticles: Synthesis
Methods and Applications in Wound Healing. Mater. Today Bio. 23, 100823
(2023).

Perez, ].M.; Asati, A.; Nath, S.; Kaittanis, C. Synthesis of Biocompatible
Dextran-Coated Nanoceria with pH-dependent Antioxidant Properties. Small.
4, 552-556 (2008).

Rosario-Berrios, D. N. et. al. CT Imaging of and Therapy for Inflammatory
Bowel Disease via Low Molecular Weight Dextran Coated Ceria Nanoparticles.
Nanoscale. 17, 10356-10370 (2025).

Naha, P. C. et. al. Dextran Coated Bismuth-lron Oxide Nanohybrid Contrast
Agents for Computed Tomography and Magnetic Resonance Imaging. /.
Mater. Chem. B. 2, 8239-8248 (2014).

Crayton, S.H., Elias, D.R., Al Zaki, A., Cheng, Z., & Tsourkas, A. ICP-MS
Analysis of Lanthanide-doped Nanoparticles as a Non-radiative, Multiplex
Approach to Quantify Biodistribution and Blood Clearance. Biomaterials. 33,

1509-1519 (2012).



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Pustulka, K. M. et a/. Flash Nanoprecipitation: Particle Structure and Stability
Mol. Pharmaceutical. 10 (2013).

Chenghao, L., Chen, G., Yu, B., & Cong, H. Recent Advances of Low Biological
Toxicity Ag2S QDs for Biomedical Application. Adv. Eng. Mater. 20, 1700940
(2018).

Yang, J. et. al. Fast Visual Evaluation of the Catalytic Activity of CeO2: Simple
Colorimetric Assay using 3,3',5,5-tetramethylbenzidine as Indicator. /. Catal.
389, 71-77 (2020).

Josephy, P.D., Eling, T., & Mason, R.P. The Horseradish Peroxidase-Catalyzed
Oxidation of 3,5,3',5'-Tetramethylbenzidine. Free Radical and Charge-
Transfer Complex Intermediates. /. Biol. Chem. 257, 3669-3675 (1982).

Ray, T. R., Lettiere, B., Rutte, J. D., and Pennathur, S. Quantitative
Characterization of the Colloidal Stability of Metallic Nanoparticles Using UV-
vis Absorbance Spectroscopy. Langmuir. 31 (2013).

De S4, E. M. F. et. al. Optimal Conditions Linked to the Reducing Agent on the
Role of Morphology of Silver Nanoparticles. Chem. Eng. Tech. 48 (2025)
Stroock, A. D. et. al. Chaotic Mixer for Microchannels. Science. 295, 647-651
(2002).

Desai, D. et. al. Towards a Microfluidics Platform for the Continuous
Manufacture of Organic and Inorganic Nanoparticles. Nanomedicine. 35,
102402 (2021).

Bezelya, A., Kicukturkmen, B., & Bozkir, A. Microfluidic Devices for Precision

Nanoparticle Production. Micro. 3, 822-866 (2023).



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Gimondi, S., Ferreira, H., Reis, R.L., & Neves, N.M. Microfluidic Devices: A Tool
for Nanoparticle Synthesis and Performance Evaluation. ACS Nano. 17,
14205-14228 (2023).

Turino, L.N., Stella, B., Dosio, F., Luna, J.A., & Barresi, A.A. Nanoparticles
Obtained by Confined Impinging Jet Mixer: poly(lactide-co-glycolide) vs. Poly-
epsilon-caprolactone. Drug Dev. Ind. Pharm. 44, 934-941 (2018).

Babeer, A. et. al. Microrobotics for Precision Biofilm Diagnostics and
Treatment. /. Dent. Res. 101, 1009-1014 (2022).

Kong, X., Gao, P., Wang, J., Fang, Y., & Hwang, K.C. Advances of Medical
Nanorobots for Future Cancer Treatments. /. Hematol. Oncol. 16, 74 (2023).
Tran, H. H. et. al. Robotic Microcapsule Assemblies with Adaptive Mobility for
Targeted Treatment of Rugged Biological Micrcenvironments. ACS Nano. 19,
3265-3281 (2025).

Babeer, A., Bukhari, S., Alrehaili, R., Karabucak, B., & Koo, H. Microrobotics in
Endodontics: A Perspective. /nt Endod /. 57, 861-871 (2024).

Oh, M. J. et. al. Nanozyme-Based Robotics Approach for Targeting Fungal
Infection. Adv Mater. 36, 2300320 (2024).

Hao, Y., Seo, J.H., Hu, Y., Mao, H., & Mittal, R. Flow Physics and Mixing Quality
in a Confined Impinging Jet Mixer. A/P Adv. 10, 045105 (2020).

Shepherd, S. J. et. al. Throughput-Scalable Manufacturing of SARS-CoV-2
MRNA Lipid Nanoparticle Vaccines. Proc. Natl. Acad. Sci. U. S. A. 120,
2303567120 (2023).

Liu, Y. et. al. Topical Ferumoxytol Nanoparticles Disrupt Biofilms and Prevent
Tooth Decay In Vivo Via Intrinsic Catalytic Activity. Nat Commun. 9, 2920

(2018).



ARTICLE IN PRESS



Acknowledgments

The authors would like to acknowledge the staff of the Electron Microscopy Resource
Lab, especially S. Molugu, B. Zhou, and I. Martynyuk, for their assistance in acquiring
transmission electron micrographs. We also thank E. Blankemeyer for his assistance
with micro-CT imaging. Additionally, we thank D. Burney for his assistance with ICP-
OES and we would like to thank S. Szewczyk for his assistance with XRD. Finally, we
thank the Materials Characterization Core at Drexel University, especially D. Barbash,

for his assistance with XPS experiments.

Author Contributions

The project was designed by A.K.,, H.K.,, and D.P.C. The experiments for data
acquisition performed by A.K., M.G., H.H., K.L.L.R., N.P., K.M., D.N.R.B., P.S.M., AR.H.,
P.S., Z.X., J.K.,, HK., and D.P.C.. Data analysis was performed by A.K.,, M.G, H.H,,
K.L.L.R., N.P., AD.AM., D.l.,, HK., and D.P.C.. A.Kand D.P.C. wrote the manuscript. All

authors were involved in the approval of the manuscript.

Data Availability Statement
The authors confirm that the data supporting the findings of this study are available

within Zenodo at https://doi.org/10.5281/zenodo.17592975.

Funding
The authors gratefully acknowledge support from the NIH v/ia RO1 CA291880 (DPC),

RO1-EB036942 (DPC) and R01-DE025848 (HK).

Disclosures


https://doi.org/10.5281/zenodo.17592975

DPC and ADAM are named as inventors on patent applications concerning silver-
based contrast agents. They also hold stock in Daimroc Imaging, a company that is
seeking to commercialize such agents. DPC and HK are named as inventors on patent
applications concerning iron oxide-based nanoparticles. DI is named as an inventor

on patent applications concerning methods of microfluidic nanoparticle production.



Figure Legends

Fig. 1 Confined impinging jet mixer (CIJM) for nanoparticle synthesis. A)
Schematic of the CIJM showing the inlet streams and outlet collection point. Subset:
Computational fluid dynamic (CFD) modelling of the CIJM highlighting turbulent
mixing zone. B) Reagent pairs used at each inlet to synthesize Ag,S-NP, Ag,Te-NP,
CeNP, and IONP via one-step aqueous-phase reactions.

Fig. 2 Characterization and synthesis parameters of Ag,S-NP. A) UV/Vis
absorption spectra of Ag,S-NP. B) TEM images of Ag,S-NP. C) XPS spectra of Ag,S-NP.
D) Core sizes of Ag,S-NP synthesized at different flow rates (1, 2, 3, 5, and 7 mL/min).
E) Core sizes of Ag,S-NP synthesized at different flow rate ratios. F-G) TEM of selected
Ag,S-NP prepared using different flow rate ratios. Scaie bars = 50 nm. ns = non-
significant, * p=0.05, ** p=<0.01, ** p=<0.001, **** p=0.0001. Error bars represent
the standard error of the mean.

Fig. 3 Size-tuning parameters for Ag,Te-NP. A) Core sizes of Ag,Te-NP
synthesized using different hydrazine concentrations (i.e. 0.2, 0.4, 0.8, 1.6 M). B-E)
TEM images of Ag,Te-NP synthesized at the indicated hydrazine concentrations. F)
Core sizes of Ag,Te-NP synthesized with different quench volumes (i.e. 0, 1, 2, 5, 50,
100 mL). G-H) TEM images of Ag,Te-NP synthesized at 1 and 100 mL quench volumes.
Scale bars = 50 nm. ns = non-significant, * p<0.05, ** p=<0.01, ** p=<0.001, ****
p=<0.0001. Error bars represent the standard error of the mean.

Fig. 4. CeNP synthesis parameters. A) Core sizes of CeNP synthesized at different
flow rate ratios (7:1, 1:1, and 1:7). B-D) TEM images of CeNP prepared at the indicated
ratios. E) Core sizes of CeNP synthesized after varying post-synthesis mixing times

(0,1, 4, and 16 hours). F-I) TEM images of CeNP from the corresponding mixing times.



Scale bars = 50 nm. ns = non-significant, * p=<0.05, ** p=<0.01, *** p=<0.001, ****
p=<0.0001. Error bars represent the standard error of the mean.

Fig. 5 Parameters influencing IONP size. A) Core sizes of IONP synthesized with
different CMD concentrations (10, 20, 30 mg). B-D) TEM images of IONP synthesized
at the indicated CMD amounts. E) Core sizes of IONP synthesized with varying NH;OH
concentrations (0.7, 2.8, and 11.2%). F-H) TEM images of IONP synthesized at the
indicated NH4OH concentrations. 1) Hydrodynamic diameters of IONP synthesized at
different flow rate ratios (3:1 to 1:7). J) Hydrodynamic diameters at different total flow
rates. K) Hydrodynamic diameters at varying NH,OH concentrations (0.7 to 11.2%).
L) Hydrodynamic diameters at different amounts of CMD (5 to 35 mg). Scale bars =
50 nm. ns = non-significant, * p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001. Error
bars represent the standard error of the mean.

Fig. 6 Functional activity of ClJM-synthesized nanoparticles. A) CEM images of
Ag,S-NP and Ag,Te-NP. B) Corresponding contrast-to-noise ratios (CNR). C) CT
phantom images of Ag,S-NP and Ag,Te-NP. D) Attenuation rates derived from CT
scans. E-F) CAT- and SOD-mimetic activity of CeNP compared to ascorbic acid. G-J)
Cell viability and ROS-scavenging activity of CeNP in B)5ta and C2bbel cells exposed
to H,0,. K) Change in absorbance of TMB at 652 nm for IONP with H,O,, IONP alone,
and H,0; alone. L) Photograph of samples from K. M) Antibacterial activity of IONP
with H,O, as determined by colony-forming units (CFU). ns = non-significant, *
p=<0.05, ** p=<0.01, *** p=<0.001, **** p<0.0001. Error bars represent the standard
error of the mean.

Fig. 7 Scale up of Ag,S-NP with the CIJM. A) Photograph of Ag,S-NP synthesized
at small scale (left) and after scale-up (right). B) Quantification of nanoparticle yield.

C) Core sizes of small- and large-scale nanoparticles. D-E) TEM images of the



nanoparticles. Scale bars = 50 nm. ns = non-significant, * p<0.05, ** p<0.01, ***

p=<0.001, **** p<0.0001. Error bars represent the standard error of the mean.
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