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ABSTRACT: Organic nanoparticles are used in nanomedicine,
including for cancer treatment and some types of COVID-19
vaccines. Here, we demonstrate the scalable, rapid, reproducible,
and cost-effective synthesis of three model organic nanoparticle
formulations relevant to nanomedicine applications. We employed
a custom-made, low-cost fluid mixer device constructed from a
commercially available three-dimensional printer. We investigated
how systematically changing aqueous and organic volumetric flow

3D Printer Remodeled Cost-Efficient Organic  Personalized Healthcare
To a Syringe Pump Nanoparticle Synthesis Using Nanomedicine

rate ratios determined liposome, polymer nanoparticle, and solid lipid nanoparticle sizes, size distributions, and payload
encapsulation efficiencies. By manipulating inlet volumes, we synthesized organic nanoparticles with encapsulation efficiencies
approaching 100% for RNA-based payloads. The synthesized organic nanoparticles were safe and effective at the cell culture level, as
demonstrated by various assays. Such cost-effective synthesis approaches could potentially increase the accessibility to clinically
relevant organic nanoparticle formulations for personalized nanomedicine applications at the point of care, especially in nonhospital

and low-resource settings.
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rganic nanoparticles, such as liposomes, polymers, and

lipid nanoparticles (LNPs), have attracted significant
attention in the clinic due to their ability to encapsulate and
deliver various payloads safely and effectively, such as small
molecule drugs and nucleic acids."™® However, the storage,
distribution, and accessibility of these nanoparticles can be
challenging.*~°

To enable the future production of personalized nano-
medicines, there is a need to decentralize the synthesis of safe
and effective nanoparticle formulations. Ideally, personalized
nanomedicines could be produced on demand and at the point
of care.

Toward this vision, we sought to develop an accessible, low-
cost synthesis platform to produce high-quality nanoparticle
formulations. We hope that such synthesis platforms may
enable clinicians and physicians in the future to produce and
administer personalized nanoparticle formulations to patients
on demand and at the point of care, thereby addressing the
challenges associated with nanoparticle storage, distribution,
and accessibility.”

Current state-of-the-art industry devices use a T-junction
mixer to maintain a high throughput of organic nanoparticle
formulations.®~"? This T-junction allows a mixture of lipids (or
polymer) in an organic solvent to combine with an aqueous
stream at certain flow rate ratios (FRRs). The controlled
addition and mixing of the two liquid phases induce solvent
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polarity changes, leading to the formation of lipid (or polymer)
nanoparticles. This synthesis approach creates uniform and
monodisperse nanoparticles whose average size can be
controlled by manipulating the FRR (aqueous:organic)."'
Our vision was to adopt the industrial process of organic
nanoparticle manufacturing and simplify it to a lab scale.
Ideally, this system would contain a fluidic device controlled by
a single unit. The device would need to synthesize various
organic nanoparticles for downstream biomedical applications.
Finally, we sought to keep the cost of this device as low as
possible, as commercially available equipment can create
organic nanoparticles. However, this equipment is expensive or
requires more than one control panel to operate (Table S1).
Inspired by Saggiomo et al,,'” we designed a fluidic device
by repurposing an Ender3 three-dimensional (3D) printer. Our
demonstrated fluidic setup may enable a broad user base to
synthesize organic nanoparticle formulations with a financial
investment orders of magnitude below the cost of most
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Figure 1. Ender3 3D printer-based fluidic setup for synthesizing organic nanoparticle formulations. (A) The Ender3 3D printer provides a set of
three syringe pumps. The photograph shows the setup for liposome synthesis using two syringe pumps connected to a T-mixer. (B) Photograph
highlighting the T-mixer fluidics. (C) Images of the GCODE used to program the syringe pumps. The GCODE is saved on a microUSB card and
inserted into the receptacle highlighted by the white arrow. The bottom panel is a simplified schematic of the T-mixer, showing how payloads (e.g,,
therapeutics represented as dots) and organic components can be mixed to form payload-encapsulating nanoparticle formulations.

commercial products (Tables S2 and S3). While the Ender3 T-
mixing method is different from some of the benchmarked
designs, the device is simpler, is more cost-effective, and
produces nanoparticle quality comparable to that of the
benchmarked products (Table S4). We provide a detailed
blueprint containing optimized setup instructions and 3D
printer files for the Ender3 syringe pumps in the Supporting
Information. Additionally, using the Ender3 setup, we
synthesized liposomes, poly(lactic-co-glycolic acid) (PLGA)
nanoparticles, and LNPs and demonstrated their safety and
efficacy at the cell culture level.

We transformed an Ender3 3D printer into a set of three
programmable syringe pumps (labeled as X, Y, and Z)
following the design of Saggiomo et al. (Figure 1a,b)."” Figure
1 provides a simplified schematic of how to synthesize organic
nanoparticle formulations using the Ender3 syringe pumps.
The Ender3 is a cost-efficient device that enables simultaneous
and controlled fluid flow by manipulating simple coding
parameters (Figure 1c). This level of control provides a
scalable fluidic approach from microliters per minute to
milliliters per minute, making the Ender3 setup suitable for
reproducible synthesis techniques that require variable
volumes. Additionally, the Ender3 is highly modular. Many
existing mixing devices are compatible with Ender3 syringe
pumps, including T-mixers, cross-mixers, staggered herring-
bone mixers, and flow-focused channels. We explain how to
code the Ender3 and to calibrate 10 mL syringes to a particular
step size in the Supporting Information. We confirmed that the
calibrated step size is accurate for dispensing volumes of >1
mL (Figure Sla). Finally, we optimized the code to preserve
the target flow rate when multiple syringe pumps were moving
(Figure S1b).

The maintenance expenses for the Ender3 are notably more
favorable than those for alternate commercially available fluidic
devices that often recommend using high-cost single-use fluidic
cartridges. We present a cost analysis breakdown comparing
the expenses of other fluidic devices with our Ender3 system
(Table S3).

Next, we tested the Ender3 syringe pumps to manufacture
liposomes. If the introduction of aqueous and organic fluids
can be controlled, then monodisperse, high-quality liposomes

can be produced without the need for resizing steps, ensuring
the payload %ee remains relatively high.””™"> We first
dissolved DSPC, cholesterol, and DSPE-PEG lipids in 100%
ethanol at molar ratios listed in Table SS. Next, we ran the
organic fluid stream of lipids against an aqueous solution of 1X
phosphate-buffered saline (PBS) at different FRRs through a
poly(ether ether ketone) (PEEK) T-mixer, which contained
two inlet streams and one outlet stream. We observed that
systematically increasing the FRR from 3 to 15 decreased the
liposome hydrodynamic diameter (HDD) as determined by
dynamic light scattering (DLS) measurements (Figure 2a).
Lower FRRs resulted in the greatest shift in HDDs, and higher
FRRs resulted in the best precision in liposome synthesis. This
result confirmed previous findings that increasing the FRR
decreases the liposome size.'®

While liposomes synthesized with FRRs of >S5 had
polydispersity indices (PDIs) of <0.2 (Figure 2b), we found
that the more commonly used FRR of 3 produced liposomes
with PDIs of >0.2 (Table S6). Additionally, we observed that
the total flow rate (TFR) affected the liposome HDD
minimally but increasing the TFR increased nanoparticle
monodispersity and synthesis consistency (Figure 2c and Table
S6).

Next, we showed additional applications for synthesizing
liposomes. First, we ensured that the Ender3-based synthesis
approach is scalable (Figure S2 and Table S7). We then
quantified the Ender3’s ability to synthesize liposomes of
different lipid compositions. We selected three additional lipid
compositions that offered varying levels of lipid bilayer rigidity
and created liposomes at an FRR of 7 (Table S8), as liposomes
made with an FRR of 7 produced more consistent results than
FRRs of S and 3 (Figure 2a). Changing the lipid composition
affected the resulting liposome size (Figure 2d and Table S6).

To demonstrate that therapeutics can be encapsulated
within liposomes synthesized by the Ender3, we compared the
%ee of dextran-encapsulating liposomes (TRITC-conjugated,
molecular weight of 70 kDa) made via the fluidic and
traditional extrusion methods.'” We found that the fluidic
method produced liposomes with a %ee significantly higher
thanlsthat of the traditional method (Figure S3 and Table
$9).
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Figure 2. Liposome characterization using dynamic light scattering (DLS). (A) Comparison of the liposome hydrodynamic diameter (HDD)
synthesized at various flow rate ratios (FRRs) as measured by DLS. Red marks represent the mean values + standard deviations (SD) (n = 3). The
trend line is a mathematical fit of the obtained data points, modeled by the equation HDD = 124.3 X exp(—0.239 X FRR) + 61.96 X exp(—0.00153
X FRR). (B) Comparison of the liposome polydispersity index (PDI) at various FRRs as measured by DLS. Data represent average values + SD (n
= 3). A gray dashed line indicating the PDI benchmark has been included for the sake of convenience. (C) DLS data reporting the HDD and PDI
of liposomes at various total flow rates (TFRs). Data represent average values = SD (n = 3). (D) DLS data reporting the HDD and PDI of
liposomes with different lipid bilayer membrane compositions (Table S8). Data represent average values + SD (n = 3).

Polymeric nanoparticles are a second type of clinically
relevant nanomedicines. The polymer poly[lactic-co-glycolic-
acid] (PLGA) is a hydrophobic and biocompatible compound
that breaks down to lactic acid and glycolic acid when
hydrolyzed in the body.'” PLGA nanoparticles (PLGA-NPs)
can efliciently encapsulate an average of 50—70% of hydro-
phobic payloads through microfluidic synthesis methods.'”*°

With this in mind, we tested the Ender3’s potential to
produce PLGA-NPs (Figure 3). Due to the unique formulation
of polymeric nanoparticles (see the Supporting Information),
we used a PEEK crossflow mixer with three syringe pumps,
one for each inlet. We dissolved a PLGA copolymer in
dimethyl sulfoxide (DMSO) and ran it against 1X PBS. The
emulsifier PVA was used in the aqueous phase to assist in
nanoparticle formation. We systematically varied the FRR and
TFR to evaluate how these parameters affected the PLGA-NP
synthesis.

Interestingly, we noted that TFRs between 0.1 and 1 mL/
min did not change the PLGA-NP sizes (Figure 3a). As the
TFR further increased to 10 mL/min, the PLGA-NPs had
reduced time to equilibrate and grow, leading to smaller

particles (Figure 3a and Table S9). Adjusting the FRR from 3
to 7 led to a slight decrease in PLGA-NP size and increased the
PDI of the nanoparticles (Figure 3b and Table S10). However,
we saw a weaker influence of FRR on PLGA-NP size compared
with the liposome size. The trends described above mirrored
other research on fluidic PLGA-NP manufacturing.”’™>* We
compared PLGA-NPs prepared using fluidics to PLGA-NPs
prepared using a probe sonication technique and found that
both methods produced the same quality of nanoparticles
(Figure S4 and Table S10). However, the fluidic method is
much faster to perform and does not require additional
machinery, thus affirming that the Ender3 synthesis method
possesses important advantages over the batch synthesis
method.

To broaden the applicability of our synthesis method, we
selected another type of PLGA polymer to synthesize
nanoparticles. We chose to further study a PLGA-PEG
polymer, because poly(ethylene glycol) (PEG) has been
shown to increase the colloidal stability of clinically used
nanoparticles and to reduce protein adsorption in vivo.”> The
PLGA-PEG compound was dissolved in DMSO solvent at a
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Figure 3. Characterization of PLGA nanoparticles. (A) Dynamic light scattering (DLS) data reporting the hydrodynamic diameter (HDD) and
polydispersity index (PDI) of PLGA nanoparticles synthesized at different total flow rates (TFRs). The TFRs were calculated retroactively by
combining the individual volumetric flow rates obtained from each syringe. Data represent average values + standard deviations (SD) (n = 3). (B)
DLS data reporting the HDD and PDI of PLGA nanoparticles synthesized at different flow rate ratios (FRRs). Data represent average values = SD
(n = 3). (C) DLS data reporting the HDD and PDI of PLGA-PEG NPs. Data represent average values + SD (n = 3). (D) DLS data reporting the
HDD and PDI of PLGA-NPs encapsulating rosiglitazone. Data represent average values = SD (n = 3). (E) Encapsulation efficiency (%ee) of
rosiglitazone within the PLGA nanoparticles. Data represent average values + SD (n = 3).

concentration of 2.5 mg/mL and processed at an FRR of S.
Using DLS, we confirmed that the Ender3 setup created
PLGA-PEG-based nanoparticles (Figure 3c and Table S10).
Next, we tested whether we could encapsulate model
payloads in the PLGA nanoparticles. We selected the
hydrophobic drug rosiglitazone as our model payload.
Rosiglitazone reduces insulin resistance and may be useful
for diabetic patients. To limit off-target effects, encapsulation
of rosiglitazone into polymeric nanoparticles may be
beneficial.”* We synthesized PLGA-NPs encapsulating rosigli-
tazone at an FRR of 7 and a TFR of 0.1 (Figure 3d),
centrifuged them, and lysed them to reveal their encapsulated
cargo, which was then measured using ultraviolet—visible
(UV—vis) spectrophotometry. The resulting %ee was 14 + 3%
(Figure 3e and Table S9). This result is similar to the results of
other microfluidic syntheses, because the use of DMSO does
not offer a “droplet-based” method of drug entrapment, and
the dissolved rosiglitazone is not inclined toward encapsula-

25,26

tion. Other studies showed that combining dichloro-

methane and DMSO increases the level of drug encapsulation,
which will be an appropriate target for a future study.”

In summary, our Ender3 setup can create PLGA nano-
particles with different polymer types. The nanoparticle size
distributions can be tuned and optimized, and the resulting
nanoparticles encapsulate hydrophobic drugs.

To further demonstrate the broad applicability of our
Ender3-based fluidic mixing setup, we additionally synthesized
different lipid nanoparticles (LNPs). LNPs have shown
potential as a therapeutic delivery device, with prominent
examples such as some COVID-19 vaccines and the Patisiran
(Onpattro) pharmaceutical, which is used in hereditary
transthyretin-mediated amyloidosis.”” Additionally, certain
lipids, when implemented into LNP formulations, have
shown to greatly increase the rate of uptake of LNPs in target
organs, such as the spleen or lungs.”® LNPs often carry nucleic
acids, ranging from large nucleic acids such as DNA and
mRNA (mRNA) to smaller nucleic acids such as small
interfering RNA (siRNA). While these nucleic acid molecules
are promising therapeutics, they degrade quickly upon in vivo
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Figure 4. Characterization of lipid nanoparticles (LNPs). (A) Dynamic light scattering (DLS) data reporting the hydrodynamic diameter (HDD)
and polydispersity index (PDI) of siRNA-LNPs as a function of the flow rate ratio (FRR). Data represent average values + standard deviations
(SD) (n = 3). (B) Encapsulation efficiency (%ee) of siRNA-LNPs as a function of the FRR. Data represent average values + SD (n = 3). (C) DLS
data reporting the HDD and PDI of siRNA-LNPs before and after dialysis. Data represent average values + SD. A t test was conducted against
synthesized siRNA-LNPs and dialyzed siRNA-LNPs to compare changes in HDD and PDI (n = 3). No statistical test revealed any significance
between the compared values. (D) %ee of siRNA-LNPs before and after dialysis. Data represent average values + SD. A ¢ test was conducted
against synthesized siRNA-LNPs and dialyzed siRNA-LNPs to compare changes in %ee (n = 3). No statistical test revealed any significance
between the compared values. (E) DLS data reporting the HDD and PDI of siRNA-LNPs at various time points during storage at 4 °C. Data
represent average values + SD. An analysis of variance (ANOVA) test was conducted on the siRNA-LNP HDD and PDI at different time points (n
= 3). No statistical test revealed any significance between the compared values. (F) %ee of the siRNA-LNPs at various time points during storage at
4 °C. Data represent average values + SD. An ANOVA test was conducted on the siRNA-LNP %ee at different time points (n = 3). No statistical
test revealed any significance between the compared values.

administration.”” When encapsulated into LNPs, the nano- optimize siRNA-LNP (siRNA-encapsulating LNPs) synthesis.
particles offer an efficient way to protect the nucleic acid We found that an FRR of 7 and a TFR of 18 mL/min
payloads from degradation and deliver them safely and produced the LNPs with the most consistent HDD and lowest
effectively to organs and cells. PDIs (Figure 4a, Figure S5, and Table S11). While the

We used the Ender3 syringe pumps to synthesize LNPs and previously described trend of FRR affecting liposome size was
encapsulated siRNA as a model nucleic acid payload. We less prominent in this context due to the variations in the

adjusted FRRs from S to 9 and TFRs from 12 to 18 mL/min to nitrogen:phosphate (nitrogen on lipids:phosphate groups on
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Figure 5. Characterization of siRNA-LNP uptake and efficacy. (A) Fluorescently labeled siRNA-LNPs were prepared and administered to 22Rv1
prostate cancer cells at the target concentrations. After a 24 h incubation period, the fluorescence intensity within these cells was measured using a
Biotek Synergy Neo2 plate reader (644 nm excitation and 665 nm emission) and displayed as a function of siRNA concentration delivered by
LNPs. Data represent average values + standard deviations (SD). An analysis of variance (ANOVA) test was conducted to determine significant
differences in cellular uptake (n = §). The siRNA concentration of 15 nM showed significantly higher uptake than the siRNA concentration of 7.5
nM. *p < 0.05; ns, no significance. (B) Fluorescently labeled siRNA LNPs were prepared and administered to 22Rv1 prostate cancer cells at 30 nM
siRNA. After the target time period, the fluorescence intensity within these cells was measured with the same parameters as in panel a and displayed
as a function of incubation time. Data represent average values + SD. An ANOVA test was conducted to determine significant differences in cellular
uptake (n = S). The 12 h time point displayed significantly higher LNP uptake than the 4 h time point (p = 0.014), and the 24 h time point
displayed significantly higher LNP uptake than the 12 h time point (p = 0.009). (C) 22Rv1 cell growth in response to transfection with two
different experimental groups: siRNA-LNPs loaded with siNT siRNA and siRNA-LNPs loaded with siUG siRNA. A cell-only group was used as a
control. The relative confluency, as measured by the InCucyte, was used as a surrogate for cell growth. Points represent relative confluences of each
well sample, and a line is provided for the sake of convenience. An ANOVA test was used to compare the siNT samples to the siUG and cell-only
samples (n = 3). The cells dosed with siUG-LNPs had significantly lower confluences than those dosed with siNT-LNPs (*p < 0.005; **p <
0.0005). (D) Trypan blue cell viability data collected 156 h after the 22Rv1 transfections using a Nexcelom Cellometer Auto T4. Data are relative
to the cell-only confluency and represent average values + SD (n = 3). A t test was conducted to determine differences in cell viability. The cells
dosed with siUG-LNPs showed significantly lower cell viability (p < 0.01) compared to those of the siNT-LNP and cell-only groups. (E) XTT cell
viability data were collected from RAW 264.7 macrophages treated with the listed materials and incubated for 24 h. A cell-only group was used as a
negative control. Data represent average values & SD (n = 6). siNT = siNT siRNA, and siUG = siUGUUUGC siRNA. An ANOVA test was
conducted to determine differences in cell viability. No groups had cell viability values statistically lower than those of the cell-only control group.

RNA) ratio,”® we established that changes in FRR influence manipulating the TFR (Figure SSa and Table S11).°0%

LNP size with all tested FRRs producing LNPs with high %ee Notably, all TFR values led to LNPs with similarly high %ee
(>90%) (Figure 4b). Moreover, increasing the TFR from 12 to

18 mL/min resulted in more consistent synthesis results, values (Figure SSb). Future research will optimize LNP
aligning with prior studies focusing on controlling LNP size by production for different FRRs and TFRs.
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We further confirmed that dialysis did not affect the LNP
size or PDI values (Figure 4c). To determine the siRNA %ee,
we used a fluorescence-based RiboGreen assay (Figure S6).
Finally, we confirmed that %ee did not significantly change
after dialysis (Figure 4d and Table S9). We compared the
HDD, PDI], and %ee of LNPs produced via a hand mixing
batch method to those of LNPs produced at an optimized FRR
of 7. We found that the Ender3-synthesized LNPs had
significantly lower PDI values, affirming that the Ender3 can
effectively synthesize high-quality LNPs (Figure S7ab and
Tables S9 and S11). We additionally measured the HDD, PD],
%ee, and { potential of Ender3-synthesized LNPs under
various storage conditions. We found that the HDD, %ee, and
{ potential values did not significantly change while stored at 4
°C for 3 weeks (p > 0.0S), suggesting that the nanoparticles
were colloidally stable (Figure 4e,f, Figure S8, and Table S12).
Finally, while the { potential of the LNP significantly changed
when it was stored at room temperature for 48 h (p < 0.05),
the LNP HDD did not significantly change (p > 0.0S),
suggesting that the particles are relatively stable for short time
periods at room temperature (Table S13).

Because siRNA is a relatively small nucleic acid molecule, we
demonstrated the generalizability of our method for synthesiz-
ing LNPs with different nucleic acid payloads. We encapsu-
lated a luciferase—mRNA cargo (~2,000 nucleotides) and
demonstrated a consistent HDD, a low PDI (<0.2), and a high
%ee for mRNA-encapsulating LNPs (Figure S9 and Tables S9
and S11).

Next, we demonstrated that the organic nanoparticle
formulations synthesized by the Ender3 setup could be used
in cell culture experiments. To assess the safety and efficacy of
our nanoparticles, we elected to further study the LNPs, as
they contained an siRNA payload that has demonstrated
efficacy against prostate cancer cells.”” siUG is an siRNA
known to inhibit the growth and viability of prostate cancer
cells through RNA interference of androgen receptor
coregulatory and essential gene networks. As a control, we
used LNPs containing a nontarget siRNA (siNT). The siNT
differs from the siUG in seven nucleotides corresponding to
nucleotides 2—8 (the seed sequence of the siRNA) and does
not affect cell growth or viability.

We selected 22Rvl human prostate cancer cells as our
model cell line. The 22Rv1 cells were seeded in 96-well plates
and allowed to adhere overnight. The siNT-LNPs stained with
1,1'-dioctadecyl-3,3,3’,3 -tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt (DiD) at a concentration of S0
pg/mL were prepared using the Ender3-based fluidic method.
The encapsulated siRNA concentration was quantified, and
LNPs, which contained 0—45 nM encapsulated siRNA, were
introduced into the 22Rvl cells. Following a variable
incubation period, we observed an increasing quantity of
DiD fluorescence with an increasing LNP concentration and
uptake time. These results demonstrate concentration- and
time-dependent LNP interactions with the 22Rv1 cells. We
noted that higher concentrations (>30 nM siRNA) induced a
slight reduction in cell viability, as shown by the reduced
fluorescence value of the 45 nM group (Figure Sa,b and Table
S14). Figure S10 provides confocal laser scanning microscopy
images of the LNP-loaded 22Rvl cells to confirm the LNP
uptake within these cells.

Next, we studied the efficacy of the LNPs to deliver
functional siRNA into cells grown in culture. We have
previously demonstrated that 22Rvl prostate cancer cells

transfected with the sitUGUUUGC siRNA, using commercially
available transfection reagents, showed a decreased prolifer-
ation rate and a decreased viability.”’

Following a similar protocol, we treated 22Rv1 cells with
comparable amounts of LNPs loaded with 15 nM siU-
GUUUGC (siUG-LNPs) or with 15 nM siNT control (siNT-
LNPs) and determined the cell growth rate and viability
(Figure Sc,d). We observed that 22Rv1 cells dosed with siUG-
LNPs showed significantly lower confluency, used as a proxy
for growth rate, than the cells dosed with siNT-LNPs (p <
0.05), indicating that the LNPs can deliver functional siRNAs
to the cells (Figure Sc, Table S15, and Figure S11).
Additionally, we found that 22Rvl cells dosed with siUG-
LNPs exhibited significantly lower confluency than 22Rv1 cells
transfected with sitUGUUUGC using a commercially available
Dharmacon reagent (Figure S12). These results indicate that
the LNPs can deliver functional siRNA into 22Rv1 cells more
effectively than other transfection methods.

It is noteworthy that we observed that untreated cells
showed a small but significantly enhanced growth rate than
cells dosed with the control siNT-LNPs, suggesting that
treatment with the LNPs may have some effect on cell
proliferation (Figure Sc and Table S15). We used Trypan blue
to determine the effect of LNP treatment on the 22Rv1 cell
viability (Figure Sd). The 22Rv1 cells treated with the siNT-
LNPs showed the same viability as the untreated cells,
indicating that 22Rvl viability is unaffected by the LNPs.
However, the cells dosed with siUG-LNPs exhibited viability
significantly lower than that of the siNT-LNP or the untreated
cells (p < 0.05) (Figure Sd and Table S16), confirming the
toxicity of the sitUGUUUGC for prostate cancer cells. These
results demonstrate that LNPs synthesized with the Ender3
device can safely and efficiently deliver functional siRNA into
prostate cancer cells.

Next, we wanted to assess the potential off-target cell toxicity
of the Ender3-synthesized LNPs using murine macrophage cell
RAW 264.7 as a model cell line. As these cells are not prostate
cancer cells and are insensitive to the selected toxic siRNA, we
expected a nonsignificant change in cell viability after dosing
with siUG-LNPs. We ran an XTT-based cell viability assay
following a 24 h incubation with 30 nM siUG- and siNT-
encapsulating LNPs. Free siRNA and blank LNPs were used as
controls. The concentration of the siRNA encapsulated into
LNPs was selected on the basis of our published data using the
Dharmacon transfection protocol® and through our previous
experiments determining LNP uptake. We noted that our
siRNA-encapsulating LNPs had no significant effect on the
viability in the selected macrophage cell line (p > 0.05) (Figure
Se and Table S17). With this, we confirmed that the siRNA-
LNPs created by the Ender3 had limited toxicity at siRNA
concentrations similar to those used in the Dharmacon
transfection protocol.

To demonstrate the broad applicability of the Ender3-
synthesized LNPs in cell transfection, we used our previously
synthesized mRNA-LNPs containing luciferase and performed
a luciferase bioluminescence assay. Briefly, HepG2 human
hepatoma cells were dosed with LNPs loaded with 50—200
nM luciferase mRNA. After being incubated for 6 h, the
mRNA-LNP sample was removed, and the transfection
efficiency was evaluated using the luciferase bioluminescence
assay. We observed that all doses of mRNA LNP produced
luminescence intensities significantly greater than that of the
control group (Figure S13). Additionally, we confirmed that
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the mRNA-LNPs did not significantly affect the HepG2 cell
viability at the specified concentrations and time frame (p >
0.05) (Figure S14). These results demonstrate that LNPs
synthesized through our Ender3 platform appear to transfect
HepG2 cells safely and effectively under the tested parameters.

We showed that an Ender3 3D printer-based synthesis setup
consisting of a synchronous, accurate, programmable syringe
pump can be used to prepare a library of clinically relevant
nanoparticle types, such as liposomes, PLGA nanoparticles,
and LNPs. Our syringe pump system fulfilled the constraints of
the outlined requirements. (i) It provides an exceptionally
cost-effective platform for enabling the synthesis of diverse
organic nanoparticle types. (ii) It exhibits synthesis trends
comparable to established industry standards. (iii) It allows
synchronous control of the syringe pumps with one control
unit. The nanoparticle physicochemical properties did not
significantly change during a storage period of 3 weeks,
suggesting that the synthesized nanoparticles are colloidally
stable and of high quality. We showed applications of siRNA-
and mRNA-encapsulating LNPs in cell culture, demonstrating
that they appear to be safe and effective under the tested
parameters. We created a cost-effective organic nanoparticle
synthesis platform to prepare libraries of clinically relevant
nanoparticle formulations. This synthesis platform has the
potential to be broadly used at the point of care. We envision
implementing our fluidics device into a benchtop point-of-care
nanoparticle manufacturing system that monitors formulation
physicochemical quality parameters to make safe and effective
nanomedicines more broadly accessible, including potential
personalized treatments and vaccines against infectious
diseases and cancer.
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