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A B S T R A C T

Polymeric nanoparticles (NPs) are a versatile delivery platform for non-viral genetic therapies. However, a key 
shortcoming of polymeric NPs (and other non-viral delivery vehicles) is the often-high accumulation of NPs 
within the liver and the spleen after systemic intravenous (IV) administration in vivo. This phenomenon is largely 
the result of the mononuclear phagocytic system (MPS), a class of phagocytic cells responsible for native immune 
response and toxin clearance within the body. One strategy to overcome NP clearance by the MPS is the use of 
phagocytic modulating pre-treatments to intentionally and temporarily alter the phagocytic behavior of mac
rophages such that sequentially administered therapeutic NPs can be delivered to extrahepatic and extrasplenic 
tissues. Here, we explore the use cargo-free poly(lactic-co-glycolic acid) (PLGA) “decoy” NPs as pre-treatments 
for phagocytic evasion of sequentially administered therapeutic NPs. Analysis via flow cytometry and fluores
cence microscopy reveal that cargo-free PLGA NPs significantly decrease uptake of subsequently administered 
therapeutic NPs by macrophages. Specifically, we conclude that variables such as size, surfactant composition, 
and timing of pre-treatment influence the behavior of cargo-free PLGA decoy NPs in modulating phagocytic 
activity of macrophages. In in vivo studies, we report decreased accumulation in the liver and increased depo
sition of therapeutic NPs in the lung with pre-administration of cargo-free decoy PLGA NPs. Together, these 
studies suggest pre-treatment with decoy NPs can reduce therapeutic NP clearance, with the potential to improve 
nanomedicine delivery capabilities for a wide range of therapeutics and disease targets.

1. Introduction

The transformative impact of non-viral nucleic acid delivery has 
been demonstrated recently by the COVID-19 lipid nanoparticle (LNP)- 
based vaccines as an intramuscular injection [1], the drug patisiran 
targeting hepatocytes in the liver [2], and pre-clinical data demon
strating gene editing in vivo mediated by CRISPR/Cas9 [3]. Like LNPs, 
polymeric nanoparticles (NPs) offer a promising alternative non-viral 
delivery platform for genetic therapies [4]. Poly (lactic-co-glycolic 
acid) (PLGA), for example, is a non-toxic, biodegradable, and already 
FDA-approved material for several drug delivery applications [4–7]. 
This polymer is widely used in the field of nanomedicine for both local 
and intravenous (IV) administration in vivo [8–11]. Additionally, we 
have developed poly(amine-co-ester)s (PACEs), which are a family of 
mildly cationic, biodegradable, and biocompatible polymers with high 

tunability and nucleic acid encapsulation efficiency [12–14]. PACE NPs 
are effective for the delivery of a wide range of nucleic acids such as 
plasmid DNA, mRNA, and siRNA both in cell culture and in vivo 
[4,13,15,16]. In the context of IV administration, however, a major 
barrier for non-viral delivery vehicles, including both polymeric NPs and 
LNPs, is the often-high and unintended accumulation of NPs in the liver 
and spleen when these are not the target tissues for disease therapeutics 
[4,6,7,11,17]. Indeed, the key challenge hindering widespread clinical 
application of non-viral genetic therapies remains precise delivery of 
these medicines in sufficient amounts to target tissues and cell types 
instead of non-target tissues [14].

Liver and spleen accumulation of NPs is largely the result of activity 
by the mononuclear phagocytic system (MPS) [18–20]. The MPS is a 
family of phagocytic cells including macrophages, dendritic cells, and 
phagocytes that are responsible for maintaining homeostasis in the 
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body, clearing foreign bodies from blood and tissues, and initiating 
immune responses [18]. Organs such as the liver and the spleen have 
large populations of phagocytic cells due to their filtration re
sponsibilities. MPS cell populations include Kupffer cells in the liver and 
red pulp macrophages in the spleen, which contribute to the seques
tration of NPs in these organs (Fig. 1A) [20–22]. Other physiological 
aspects contribute to this accumulation as well. For example, a large 

portion of the body's total blood volume is contained in the liver, 
resulting in high traffic to the fenestrated blood vessels in the organ for 
IV-administered therapeutics [23]. Additionally, a study by Tsoi et al. 
demonstrated that blood flow is significantly reduced in the liver sinu
soid compared to other organ's capillaries, suggesting that there may be 
extended time for NP uptake in this tissue [24].

In addition to advances in NP design, strategies for MPS blockade 

Fig. 1. A cargo-free PLGA decoy NP phagocytic modulation strategy. (A) Schematic of MPS cells in the liver and spleen clearing therapeutic polymeric NPs after IV 
injection in vivo. PLGA NPs co-localize with F4/80+ macrophages in the liver. (B) Schematic of the proposed mechanism of decoy NP-mediated phagocytic cell 
occupation; reducing clearance of subsequently administered therapeutic polymeric NPs by macrophages results in increased opportunities for NP accumulation in 
extrahepatic and extrasplenic target organs. (C) Schematic detailing parameters of interest for pre-treatment optimization in the present study. Schematics were 
prepared using BioRender.
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have provided broad improvements to the therapeutic efficacy of non- 
viral nanomedicines. Typically, these strategies involve administration 
of a modulating agent to target MPS activity prior to IV administration of 
therapeutic NPs to achieve prolonged circulation time [25]. Different 
blocking agents can attenuate the activity of the MPS through distinct 
mechanisms. For example, clodronate liposomes are a strategy for 
macrophage suicide resulting in the physical depletion of phagocytic cell 
populations [14,20,25]. Tavares et al. demonstrate successful reduction 
of liver-resident Kupffer cells with pre-administration of clodronate li
posomes [20]. While this strategy was found to be highly efficient for 
decreased delivery to hepatic tissues, depletion of phagocytic cells may 
have adverse effects on natural toxin clearance and immune responses in 
the body and is thus unlikely to be a viable strategy for clinical trans
lation [26]. On the other hand, the strategy of temporary macrophage 
occupation prior to therapeutic NP administration, also referred to as 
MPS blockade, results in the temporary saturation of macrophages to 
decrease phagocytic clearance of subsequently administered therapeu
tics. Saturation would ideally be achieved using benign, biocompatible, 
and non-toxic molecules or biomaterials to ensure safety in a clinical 
setting. Pre-treatment with cargo-free lipid emulsions, liposomes, 
polymeric NPs, and anti-erythrocyte antibodies have already been 
shown to improve delivery of sequentially administered therapeutics to 
extrahepatic tissues in vivo [14,19,27,28]. Endocytosis prevention is 
another strategy that employs the use of molecular inhibitors to restrict 
the cell's ability to internalize foreign bodies [29,30]. Alternatively, 
macrophage shielding induces a physical barrier around the surface of 
the macrophage, blocking uptake of sequentially administered NPs. 
Other strategies include receptor saturation which occupies available 
endocytic receptors or gene regulation to downregulate the number of 
functional receptors [31,32]. However, the effects of these treatments on 
long-term macrophage viability and function are understudied. More
over, exploration and optimization of pre-treatment administration pa
rameters (timing, dose, material, etc.) are necessary for eventual clinical 
translation of a macrophage activity-modulating therapeutic enhance
ment strategy.

Cargo-free non-viral NPs themselves can serve as pre-treatment 
candidates by acting as “decoy” particles for intentional uptake in 
macrophages. For example, we have previously described the use of 
blank or unloaded PLGA NPs as a pre-treatment to therapeutic PACE NPs 
for MPS evasion in vivo [14]. We observed that IV pre-treatment with 
unloaded PLGA NPs promoted more widespread biodistribution of 
subsequently administered PACE NPs in mice. When PACE NPs were 
loaded with siRNA against proprotein convertase subtilisin/kexin type 9 
(PCSK9), a protein that regulates the levels of low-density lipoprotein 
(LDL) [33], we found that blank PLGA NP pre-treatment significantly 
enhanced PCSK9 knockdown in hepatocytes and reduced blood 
cholesterol levels compared to PACE siRNA NPs administered without 
decoy NP pre-treatment [14]. The concept of unloaded polymeric NPs 
has also been explored outside of the context of nucleic acid delivery. 
For example, a study by Banka et al. describes the use of cargo-free 
polymeric NPs to decrease thrombo-inflammation by redirecting 
neutrophil-platelet aggregates away from sites of inflammation [34]. 
Cargo-free polymeric NPs have also been pre-administered to redirect 
immune cells for the improved efficacy of sequentially administered 
immunotherapies for the treatment of metastatic breast cancer [35]. 
Two surfactants commonly used to formulate PLGA NPs, polyvinyl 
alcohol (PVA) and poly (ethylene-alt-maleic anhydride) (PEMA), have 
been shown to induce different inflammatory responses [35,36]. Spe
cifically, Casey et al. report that NPs formulated with PEMA result in an 
anti-inflammatory response compared to NPs formulated with PVA 
which tend to promote inflammation [36]. Pro/anti-inflammatory sig
nals have direct correlation to macrophage polarization state where M1 
macrophages are associated with pro-inflammatory cytokines while M2 
macrophages are associated with anti-inflammatory cytokines [37]. M2 
macrophages are considered more phagocytic than pro-inflammatory 
M1 macrophages suggesting that formulation surfactants may 

modulate the phagocytic behavior of MPS cells [38,39]. Together, these 
studies demonstrate the capability of therapeutic modulation by cargo- 
free NPs. However, variables such as timing of decoy administration, 
dosing, NP characteristics, and long-term effects can benefit from 
further study at the cellular level. Here, we investigate cargo-free PLGA 
NPs as pre-treatments for MPS evasion of sequentially administered 
therapeutic PLGA and PACE NPs (Fig. 1B). We employ cell culture 
studies for the exploration of multiple parameters on the phagocytic 
macrophages themselves (including primary cells) and their response to 
decoy pre-treatment (Fig. 1C) before validating our findings in vivo. We 
anticipate that the results presented in this study will be relevant to a 
wide range of therapeutic carriers including both LNPs and polymeric 
NPs and establish recommendations for future therapeutic applications.

2. Results

2.1. Pre-treatment with blank PLGA (PVA) decoy NPs reduces phagocytic 
clearance of therapeutic NPs in a size- and concentration-dependent 
manner

A major benefit of using unloaded/blank PLGA decoy NPs as a pre- 
treatment is that these vehicles are highly tunable during formulation, 
with the ability to modulate NP size [40]. Furthermore, PVA and PEMA 
can be interchanged as surfactants in the formulation process to achieve 
different vehicle properties [41]. We first tested cargo-free PLGA NP 
decoys formulated with PVA to determine the optimal size for use as a 
decoy pre-treatment. RAW 264.7 cells and primary bone marrow 
derived macrophages (BMDMs) from BALB/c mice were treated with 
0.05 mg/mL of 200 nm, 300 nm, 400 nm, or 500 nm (hydrodynamic 
diameter as measured by dynamic light scattering (DLS)) cargo-free 
PLGA (PVA) decoys for 24 h (Table S1). Following cargo-free PLGA 
NP pre-treatment, the cells were treated with 0.05 mg/mL PLGA NPs 
loaded with DiIC18(5); 1,1′-dioctadecyl-3,3,3′,3′- tetramethylindodi
carbocyanine, 4-chlorobenzenesulfonate salt (DiD) fluorescent dye as a 
surrogate for therapeutic NPs. Flow cytometry results indicated that pre- 
treatment with 500 nm cargo-free PLGA (PVA) decoys in RAW 264.7 
cells significantly decreased the percent change in mean fluorescence 
intensity (MFI) compared to cells treated only with DiD NPs (Fig. 2A). 
This experiment was repeated in primary BMDMs where we also 
observed the lowest therapeutic clearance in cells pre-treated with 500 
nm PLGA (PVA) NP decoys (Fig. 2E). Samples of the culture medium at 
time of administration and after 24 h were also collected and analyzed 
via fluorometry, as above. Here, we observed the highest fluorescence 
intensity in RAW 264.7 cells and primary BMDMs pre-treated with 500 
nm cargo-free PLGA (PVA) NP decoys (Fig. 2B, F). Together, these data 
suggest that PLGA (PVA) decoys effectively decrease the phagocytic 
clearance of therapeutic NPs in both RAW 264.7 cells and primary 
BMDMs.

After determining the optimal size of cargo-free PLGA (PVA) NP 
decoys, we next sought to determine the optimal concentration for 
reduced phagocytic clearance. We varied the treatment concentration of 
500 nm cargo-free PLGA (PVA) NP decoys between 0.1 mg/mL and 0.4 
mg/mL in RAW 264.7 cells and primary BMDMs prior to treatment with 
DiD-loaded NPs as above. All PLGA (PVA) NP decoy concentrations 
resulted in significant reduction of phagocytic clearance in RAW 264.7 
cells with no significant difference between results of experimental 
groups, suggesting that even low concentrations of decoy NPs are 
effective (Fig. 2C). Fluorescence quantification of the cell culture me
dium, however, suggests that 0.3 mg/mL treatment with PLGA NP de
coys may provide slight improvement over the other concentrations 
(Fig. 2D). In primary BMDMs, we observed the lowest therapeutic NP 
clearance from cells pre-treated with 0.4 mg/mL 500 nm cargo-free 
PLGA (PVA) NP decoys (Fig. 2G). Fig. 2H supports these findings; we 
observed highest fluorescent signal remaining in the cell culture me
dium from cells pre-treated with 0.4 mg/mL 500 nm cargo-free PLGA 
(PVA) NP decoys. For experiments conducted in RAW 264.7 cells, 
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Fig. 2. Size and concentration of cargo-free PLGA (PVA) decoy NPs decrease phagocytic clearance of therapeutic PLGA NPs Percent therapeutic NP clearance 
(normalized MFI) of RAW 264.7 cells (A) or BMDMs (E) pre-treated with 0.05 mg/mL of 200, 300, 400, or 500 nm cargo-free PLGA (PVA) NP decoys followed by 
treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SD of mean). Percent initial NP fluorescence remaining in culture medium 
(normalized relative fluorescence intensity (RFU)) for fluorescent quantification of cell culture medium in RAW 264.7 cells (B) or BMDMs (F) pre-treated with 0.05 
mg/mL of 200, 300, 400, or 500 nm cargo-free PLGA (PVA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars 
represent SEM). Percent therapeutic NP clearance (normalized MFI) of RAW 264.7 cells (C) or BMDMs (G) pre-treated with 0.1, 0.2, 0.3, or 0.4 mg/mL 500 nm cargo- 
free PLGA (PVA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SD of mean). Percent initial NP 
fluorescence remaining in culture medium (normalized RFU) in RAW 264.7 cells (D) or BMDMs (H) pre-treated with 0.1, 0.2, 0.3, or 0.4 mg/mL 500 nm cargo-free 
PLGA (PVA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SEM). (I) Percent NP intensity 
normalized to nuclear area (normalized RFU) as calculated by MATLAB quantification of (H) fluorescence microscopy images of RAW 264.7 cells pre-treated with 
0.1, 0.2, 0.3, or 0.4 mg/mL 500 nm cargo-free PLGA (PVA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 15, error bars 
represent SD of mean). Nuclei: blue, DiD-loaded PLGA NPs: red, scale bars: 150 μm. A one-way ANOVA with multiple comparisons was used for statistical analysis 
where experimental groups are compared to DiD NP only condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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fluorescence microscopy images (Fig. 2J) further corroborate these 
findings; we observed the lowest NP signal for wells pre-treated with 0.3 
mg/mL cargo-free PLGA (PVA) NP decoys. Finally, fluorescence in
tensity of therapeutic NPs per nuclear area was quantified in these im
ages using a custom MATLAB code where results are reported as percent 
NP intensity normalized to nuclear area (Fig. S1) [17,42]. Fig. 2I depicts 
the results of this quantification, further supporting the lowest DiD 
signal from experimental groups pre-treated with 0.3 mg/mL cargo-free 
PLGA (PVA) NPs. However, no statistically significant differences were 
observed among experimental groups. Consequently, 0.2 mg/mL was 
selected for future studies as it achieved comparable results at a lower 
dose. Further, for experiments conducted in primary BMDMs, fluores
cence microscopy images (Fig. S2B) and corresponding MATLAB 
quantification (Fig. S2A) reveal that cells pre-treated with 0.3 mg/mL 
500 nm cargo-free PLGA (PVA) decoys is the optimal dosing for reduced 
clearance of therapeutic NPs.

2.2. Pre-treatment with blank PLGA (PEMA) decoy NPs reduces 
phagocytic clearance of therapeutic NPs

In addition to investigating PLGA (PVA) NP decoys, we also deter
mined how PLGA NP formulation with PEMA as an alternative surfac
tant affects decoy efficacy. As above, we formulated unloaded PLGA 
(PEMA) NPs of various sizes (Table S1). We then pre-treated RAW 264.7 
cells and primary BMDMs with 300 nm, 400 nm, 500 nm, or 600 nm 
(hydrodynamic diameter as measured by DLS) cargo-free PLGA (PEMA) 
decoy NPs. Analysis by flow cytometry revealed that RAW 264.7 cells 
pre-treated with 300 nm, 400 nm, or 600 nm cargo-free PLGA (PEMA) 
decoy NPs exhibited the largest decrease in phagocytic clearance of 
therapeutic NPs (Fig. 3A). These results were further verified by fluo
rescence quantification of cell culture medium; we observed the highest 
NP fluorescence intensity remaining in culture medium samples pre- 
treated with 300 nm PLGA (PEMA) NPs (Fig. 3B). In contrast to PLGA 
decoys formulated with PVA which exhibited a single optimal decoy size 
in RAW 264.7 cells, decoys formulated with PEMA exhibited less of a 
size dependence with multiple formulations resulting in significant 
decreased therapeutic NP clearance. This experiment was repeated in 
primary BMDMs, where we found that macrophages pre-treated with 
400 nm PLGA (PEMA) NP decoys resulted in the lowest therapeutic NP 
clearance by flow cytometry (Fig. 3E). Fluorescence quantification of 
cell culture medium, however, revealed the highest remaining NP signal 
from cells pre-treated with 600 nm PLGA (PEMA) NP decoys (Fig. 3F). 
Discrepancies between these data collected via distinct modalities can 
likely be attributed to the larger range of error of the fluorometer. 
Consequently, we concluded that 400 nm PLGA (PEMA) NPs most 
consistently reduced phagocytic clearance as indicated by the lowest 
spread of data collected via flow cytometry in both cell lines.

Next, we determined the optimal concentration of cargo-free PLGA 
(PEMA) NPs to reduce phagocytic clearance of DiD-loaded therapeutic 
surrogate PLGA NPs. We pre-treated RAW 264.7 cells and primary 
BMDMs with 400 nm PLGA (PEMA) NP decoys at varying concentrations 
between 0.05 and 0.3 mg/mL prior to treatment with DiD-loaded ther
apeutic surrogate PLGA NPs. This range of concentrations is lower than 
that of experiments conducted with decoys formulated with PVA as cells 
pre-treated with cargo-free PLGA (PEMA) decoys were observed to have 
larger effects at the standard 0.05 mg/mL treatment when determining 
optimal size. Flow cytometry results revealed that RAW 264.7 cells pre- 
treated with 0.2 and 0.3 mg/mL of PLGA (PEMA) NP decoys resulted in 
significant decreases in therapeutic NP uptake (Fig. 3C). There was no 
significant difference between concentrations of 0.2 mg/mL and 0.3 mg/ 
mL, which suggests that 0.2 mg/mL is sufficient for decoy pre-treatment. 
Fig. 3D depicts the fluorescence quantification of cell culture medium, 
which demonstrates similar trends we observed in the flow cytometry 
data. As above, this experiment was repeated in BMDMs, where we 
found that macrophages pre-treated with 0.3 mg/mL resulted in the 
lowest phagocytic clearance of therapeutic NPs (Fig. 3G, H). Finally, 

results were further verified by MATLAB quantification (Fig. 3I & S3A) 
of fluorescence microscopy images (Fig. 3J & S3B), which revealed the 
lowest percentage of DiD NP intensity normalized to nuclear area for 
experimental groups treated with 0.1 mg/mL and 0.3 mg/mL cargo-free 
PLGA (PEMA) NP decoys in RAW 264.7 cells and primary BMDMs, 
respectively. Combining results from flow cytometry and fluorescence 
quantification of cell culture medium, we conclude 0.2 mg/mL and 0.3 
mg/mL as the optimal treatment concentrations of cargo-free PLGA 
(PEMA) NPs for experiments conducted in RAW 264.7 cells and primary 
BMDMs, respectively.

2.3. Timing and traffic patterns of cargo-free PLGA NP decoys

After observing differences in phagocytic clearance with different 
sizes, concentrations, and surfactants used for cargo-free PLGA NP de
coys, we sought to determine whether there is an optimal timing of 
cargo-free PLGA NP decoy pre-administration. We also aimed to visu
alize the phagocytic uptake process for the cargo-free PLGA NP class of 
decoy. In this study, we treated RAW 264.7 cells with 300 nm PLGA 
(PVA) decoys encapsulating DiD for tracking via fluorescence signal. 
Although we determined 500 nm as the optimal size for PLGA (PVA) 
decoys, we used 300 nm in this microscopy study as the smaller particles 
allow for clearer visualization of NP trafficking patterns. Cell mem
branes were stained with the lipophilic dye Benzoxazolium, 3-octadecyl- 
2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-, perchlorate 
(DiO), and cell nuclei were stained with Hoechst 33342 for complete cell 
visualization. Fluorescence microscopy images were collected at 2-h 
increments between 2 and 12 h after treatment with DiD-loaded PLGA 
decoy NPs. We also collected images at 24 h post-treatment. Two hours 
after decoy administration, (Fig. 4B), we observed that the majority of 
decoy NPs remained in the culture medium outside of the cell. At 4 h 
post-treatment (Fig. 4C), PLGA decoy NPs begin concentrating around 
the cell membranes. Coating of the cell surface appears to occur between 
6 (Fig. 4D) and 8 (Fig. 4E) hours post-treatment, as indicated by the 
arrow in Fig. 4D. At 10 h post-treatment (Fig. 4F), we observed decoy 
PLGA NPs beginning to enter the cytoplasm of the cells with more decoy 
NPs concentrating on the surface of the cells. Finally, it appears that at 
12 h post-treatment (Fig. 4G), decoy PLGA NPs have begun to enter the 
perinuclear space with additional NPs saturating the surface of the cells. 
At 24 h post-treatment (Fig. 4H), we observe complete colocalization of 
NP signal with the cytoplasm and perinuclear space. Together, these 
images provide insight into the trafficking patterns and uptake behavior 
of cargo-free PLGA (PVA) decoy NPs in murine-derived macrophages.

2.4. Treatment duration of cargo-free PLGA (PVA/PEMA) decoy NPs 
affects phagocytic clearance of therapeutic PLGA NPs

Following the visualization of PLGA NP decoy uptake, we sought to 
quantify how decoy pre-treatment duration influences the phagocytic 
clearance of subsequently administered therapeutic NPs. Using similar 
procedures as above, we pre-treated RAW 264.7 cells with 0.2 mg/mL of 
either 500 nm PLGA (PVA) decoy NPs or 400 nm PLGA (PEMA) decoy 
NPs for a duration of 4–48 h. Fig. 5A and C depict flow cytometry results 
from RAW 264.7 cells reported in percent therapeutic NP clearance. In 
experiments where cells were pre-treated with PVA cargo-free PLGA NP 
decoys, treatment for 4 and 12 h resulted in the largest decrease in 
phagocytic clearance of therapeutic surrogate PLGA DiD NPs. For ex
periments in which cells were pre-treated with decoys formulated with 
PEMA, longer treatment times (12, 24, 36, and 48 h) resulted in the most 
significant evasion of phagocytic clearance. These results suggest that 
PEMA decoy efficacy may be correlated to a “phagocytic capacity” 
exhibited by the macrophages where the continued intracellular pro
cessing of decoy NPs may contribute more to the decreased clearance 
than cell surface saturation. This conclusion is further supported by the 
fluorescence analysis of cell culture medium (Fig. 5B, D), where we 
observe the highest fluorescence signal in the culture medium collected 
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Fig. 3. Size and concentration of cargo-free PLGA (PEMA) decoy NPs decrease phagocytic clearance of therapeutic PLGA NPs Percent therapeutic NP clearance 
(normalized MFI) of RAW 264.7 cells (A) or BMDMs (E) pre-treated with 0.05 mg/mL of 300, 400, 500, or 600 nm cargo-free PLGA (PEMA) NP decoys followed by 
treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SD of mean). Percent initial NP fluorescence remaining in culture medium 
(normalized RFU) for fluorescent quantification of cell culture medium in RAW 264.7 cells (B) or BMDMs (F) pre-treated with 0.05 mg/mL of 300, 400, 500, or 600 
nm cargo-free PLGA (PEMA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SEM). Percent 
therapeutic NP clearance (normalized MFI) of RAW 264.7 cells (C) or BMDMs (G) pre-treated with 0.05, 0.1, 0.2, or 0.3 mg/mL 400 nm cargo-free PLGA (PEMA) NP 
decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SD of mean). Percent initial NP fluorescence remaining 
in culture medium (normalized RFU) of fluorescent quantification of cell culture medium in RAW 264.7 cells (D) or BMDMs (H) pre-treated with 0.05, 0.1, 0.2, or 0.3 
mg/mL 400 nm cargo-free PLGA (PEMA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SEM). (I) 
Percent NP intensity normalized to nuclear area (normalized RFU) as calculated by MATLAB quantification of (J) fluorescent microscopy images of RAW 264.7 cells 
pre-treated with 0.05, 0.1, 0.2, or 0.3 mg/mL 400 nm cargo-free PLGA (PEMA) NP decoys followed by treatment with 0.05 mL therapeutic DiD-loaded PLGA NPs (n 
= 15, error bars represent SD of mean). Nuclei: Blue, DiD-loaded PLGA NPs: red, scale bars: 150 μm. A one-way ANOVA with multiple comparisons was used for 
statistical analysis where experimental groups are compared to DiD NP only condition. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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from cells treated for 4 (PVA) and 48 h (PEMA). Statistically, however, 
we see no significant difference between the 24, 36, or 48-h experi
mental groups, suggesting that an efficiency plateau is met at the 24-h 
pre-treatment time for PEMA formulated cargo-free PLGA NPs accord
ing to flow cytometry results.

This experiment was repeated in primary BMDMs, however, cells 
were pre-treated with 0.3 mg/mL of the corresponding decoy. In ex
periments where cells were pre-treated with cargo-free PLGA (PVA) 
decoys, all treatment times were found to be statistically significant in 
decreasing phagocytic clearance; again, suggesting an efficiency plateau 
with duration of treatment time (Fig. 5E). Fluorescence quantification of 
cell culture medium revealed the greatest NP intensity remaining in the 
medium from cells pre-treated for 24 h (Fig. 5F). For experiments in 
which cells were pre-treated with cargo-free PLGA (PEMA) decoys, all 
treatment times were again found to significantly decrease clearance of 
therapeutic NPs (Fig. 5G). We observed the greatest fluorescence signal 

remaining in the culturing medium from groups pre-treated with cargo- 
free PLGA (PEMA) decoys for 8 h followed closely by those pre-treated 
for 36 h (Fig. 5H). Combining results from all data modalities, we 
conclude that 24 h is the optimal pre-treatment time for PVA decoys and 
36 h is optimal for PEMA decoys used on primary BMDMs.

2.5. Decoy pre-treatments are applicable to other NP delivery platforms

In the studies discussed thus far, PLGA NPs have been used as a 
surrogate for therapeutic NPs. The field of NP-mediated drug delivery, 
however, expands far beyond PLGA with many delivery vehicles that are 
also subject to clearance by the MPS. Here, we demonstrate that decoy 
pre-treatments are also effective in evading phagocytic clearance of a 
class of PACE NPs formulated using the block co-polymer PACE-poly 
(ethylene glycol) (PACE-PEG). As above, RAW 264.7 cells were pre- 
treated with a survey of pre-treatments found to be most effective for 

Fig. 4. Timing and traffic patterns of cargo-free PLGA NP decoys. 
Fluorescence microscopy images of timepoint study of 300 nm DiD-loaded PLGA (PVA) decoy treatment on RAW 264.7 cells for (A) 2 h, (B) 4 h, (C) 6 h, (D) 8 h, (E) 
10 h, (F) 12 h, or (G) 24 h. Nuclei: blue, cell membranes: green, DiD-loaded PLGA (PVA) decoys: red, scale bars: 75 μm.
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reducing PLGA NP clearance (0.2 mg/mL 500 nm cargo-free PLGA 
(PVA) NPs and 0.2 mg/mL 400 nm cargo-free PLGA (PEMA) NPs). 
Following incubation with each pre-treatment, cells were treated with 
0.1 mg/mL therapeutic surrogate PACE-PEG NPs loaded with DiD. Flow 
cytometry analysis revealed that both cargo-free decoy NP pre- 
treatments resulted in a decrease of PACE-PEG NP clearance. Experi
mental groups pre-treated with 500 nm cargo-free PLGA (PVA) NPs 
resulted in the most significant decrease compared to cells treated only 
with DiD-loaded PACE-PEG NPs (Fig. 6A). These results are further 
corroborated with fluorescence quantification of the cell culture me
dium, where we observed that experimental groups pre-treated with 
phagocytic modulators clustered at a higher remaining intensity 
compared to the DiD NP only control (Fig. 6B).

2.6. Cargo-free PLGA NP decoys promote increased therapeutic 
deposition in the lung

Finally, we sought to determine if our cell culture studies are 
representative of outcomes in-vivo. We formulated a library of PLGA NP 
decoys with DiD and therapeutic NPs with DiIC18(3); 1,1′-dioctadecyl- 
3,3,3′,3′-tetramethylindocarbocyanine) (DiI) for visualization of both 
decoy and therapeutic NP biodistribution (Table S2). BALB/c mice were 
administered a bolus 2 mg dose of each decoy formulation via retro- 
orbital (RO) injection; this dose was based on other reports of PLGA 
NPs administered IV [14,43]. Clodronate liposomes were administered 
at 2 mL/kg via RO injection as a positive control based on previous 

reports [14,20,43]. 24 h following decoy or clodronate liposome injec
tion, mice were administered therapeutic surrogate NPs via RO injection 
to achieve a ~ 300 μg/mL blood NP concentration. Following a 24-h 
treatment with therapeutic NPs, mice were euthanized, and the heart, 
liver, lung, spleen, kidneys, and bone marrow were harvested from each 
animal. An In Vivo Imaging System (IVIS) was used to collect whole- 
organ fluorescence images of DiI-loaded therapeutic surrogate NPs in 
each organ. Fig. 7A,B depicts the whole-organ fluorescence images of 
therapeutic NPs and corresponding quantification. As anticipated, when 
mice are administered therapeutic NPs alone, we observed primary 
accumulation in the liver with no deposition in other tissue types. With 
pre-administration of decoy NPs, however, we observe a reduction of 
therapeutic NPs (as measured by fluorescence signal intensity) in the 
liver and increased deposition in the lung for all decoy formulations. 
Additionally, all decoy formulations achieved similar (if not improved) 
therapeutic NP deposition in the lung compared to clodronate liposome 
pre-administration.

Following IVIS imaging, organs (heart, liver, lung, spleen, kidneys, 
and bone marrow) were homogenized into single cell suspensions and 
analyzed via flow cytometry (Fig. 7C,D). Again, we observed primary 
accumulation of therapeutic NPs in the liver with limited signal found in 
extrahepatic tissues in animals that were administered therapeutic sur
rogate NPs only with no decoy pre-treatment. While we did not observe 
a decrease in the percentage of therapeutic surrogate NP positive cells in 
the bulk liver when animals are pre-administered PLGA NP decoys, we 
did observe increased therapeutic NP deposition in the lung. This is in 

Fig. 5. Treatment time with cargo-free PLGA (PVA/PEMA) decoy NPs effect phagocytic clearance of therapeutic PLGA NPs Percent therapeutic NP clearance 
(normalized MFI) of RAW 264.7 cells pre-treated with 0.2 mg/mL (A) or BMDMs pretreated with 0.3 mg/mL (E) of 500 nm cargo-free PLGA (PVA) NP decoys for 4, 8, 
12, 24, 36, or 48 h followed by treatment with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent SD of mean). Percent initial NP fluo
rescence remaining in culture medium (normalized RFU) in RAW 264.7 cells (B) or BMDMs (F) pre-treated with 500 nm cargo-free PLGA (PVA) NP decoys followed 
by treatment with therapeutic surrogate DiD-loaded PLGA NPs (n = 9). Percent therapeutic NP clearance (normalized MFI) of RAW 264.7 cells pre-treated with 0.2 
mg/mL (C) or BMDMs pre-treated with 0.3 mg/mL (G) of 400 nm cargo-free PLGA (PEMA) NP decoys for 4, 8, 12, 24, 36, or 48 h followed by treatment with 0.05 
mg/mL therapeutic surrogate DiD-loaded PLGA NPs (n = 9, error bars represent SD of mean). Percent initial NP fluorescence remaining in culture medium 
(normalized RFU) in RAW 264.7 cells (D) or BMDMs (H) pre-treated with of 400 nm cargo-free PLGA (PEMA) NP decoys followed by treatment with therapeutic DiD- 
loaded PLGA NPs (n = 9, error bars represent SEM).
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accordance with our previous study where we observed an increase in 
extrahepatic therapeutic delivery with no decrease in therapeutic liver 
deposition [14]; importantly, therapeutic NPs exhibited more wide
spread distribution throughout the liver instead of sequestration by F4/ 
80+ macrophages.

We further quantified the percent change in therapeutic surrogate 
NP MFI in the liver, spleen, and lungs (Fig. 7E-G). Decoy NPs formulated 
with PVA exhibited a larger percent decrease in MFI in the liver whereas 
decoy NPs formulated with PEMA exhibited a larger percent decrease of 
MFI in the spleen, suggesting that surfactant may influence bio
distribution and clearance. Additionally, we observed that decoy NP size 
may result in more significant changes in MPS evasion in decoys 
formulated with PVA compared to PEMA. We observe that distinct 
decoy formulations (ex. 400 nm PLGA (PVA) NPs) result in optimal 
performance whereas decoys formulated with PLGA (PEMA) NPs of 
various sizes result in relatively similar outcomes. The same phenome
non was observed in cell culture where we observed that 500 nm PLGA 
(PVA) decoys resulted in the most pronounced phagocytic evasion 
whereas several PLGA (PEMA) decoys resulted in phagocytic evasion. 
Fig. 7H depicts the percent change in therapeutic surrogate NP positive 
cells in the lung where we noted a significant increase in percent positive 
cells in animals that were pre-administered 400 nm PLGA (PVA) NP 
decoys. Notably, we also report significant increases in both the percent 
change in MFI in the lung (Fig. 7G) and the percent change in thera
peutic surrogate NP positive cells in the lung (Fig. 7H) in mice pre- 
treated with 400 nm PLGA (PVA) NP decoys compared to mice that 
received clodronate liposome pre-treatment, suggesting that cargo-free 
PLGA NP decoys can achieve improved MPS evasion without the 
depletion of MPS cells. Further, we found that there is both a significant 
increase in therapeutic NP positive cells in the lung following pre- 
treatment with PLGA (PVA) NP decoys and a significant increase in 
the amount of therapeutic surrogate NPs that each lung cell is 
internalizing.

Lastly, a portion of harvested livers and lungs were sectioned and 
imaged via fluorescence microscopy. Fig. 7J depicts a liver section from 

a mouse that was administered only therapeutic NPs and no decoys. In 
this case, we observed that therapeutic NPs (depicted in red) co-localize 
with F4/80+ phagocytic cells (depicted in green), suggesting that these 
NPs are readily phagocytosed and cleared from circulation without 
decoy NP pre-treatment. However, when mice are administered 400 nm 
PLGA (PVA) decoy NPs, we observe a broader deposition of therapeutic 
NPs suggesting that the pre-administered decoy NPs modulate the 
phagocytic cells in the liver resulting in evasion of phagocytosis by 
therapeutic NPs (Fig. 7K). Images of liver sections are complemented 
with lung sections where we observe minimal therapeutic NP delivery to 
the lung in the absence of decoy NP pre-treatment and substantially 
increased therapeutic NP deposition in mice pre-treated with 400 nm 
PLGA (PVA) decoy NPs (Figs. 7 M,N).

3. Discussion and conclusions

In the studies described above, we explore the use of cargo-free PLGA 
NPs as decoy pre-treatments to promote MPS evasion of subsequently 
administered therapeutic surrogate NPs. We first focused on the effects 
of cargo-free PLGA NP pre-treatments on the behavior of phagocytic 
cells in culture. These studies allowed us to focus on the behavior of a 
single cell type (including primary cells) responsible for phagocytic 
clearance in response to a wide range of conditions. Previously, we have 
demonstrated that PLGA NP decoys and therapeutic PACE NPs primarily 
co-localize with F4/80+ cells in the liver in vivo, further emphasizing the 
necessity for an in-depth exploration of phagocytic modulators in mac
rophages specifically [14]. In this study, we explored the effects of 
variables such as of size, concentration, surfactant composition, and 
duration of administration of cargo-free decoy PLGA NPs on phagocytic 
behavior. While these cell culture experiments informed design pa
rameters of decoy NPs to be used in vivo, it is important to point out that 
some decoy formulations resulted in small differences in therapeutic 
surrogate NP clearance compared to cells treated only with therapeutic 
surrogate NPs. This is likely due to the limitations of cell culture ex
periments where excess NPs remain confined to the local environment 
during treatment. As NPs are readily internalized by macrophages, it is 
likely that all decoy NPs as well as the therapeutic NPs induced some 
form of macrophage saturation in these conditions, necessitating the 
evaluation of decoy NP efficacy in the in vivo environment.

The proof-of-concept in vivo studies presented here confirm the 
general trends reported from our cell culture experiments. For example, 
in cell culture, we report that larger PLGA (PVA) NP decoys result in a 
more substantial decrease in phagocytic clearance of therapeutic sur
rogate NPs. In our in vivo experiments, we similarly observed a signifi
cant increase in therapeutic NP deposition in the lungs in mice pre- 
treated with 400 nm PLGA (PVA) NP decoys. Further, in cell culture 
experiments, we report that PLGA NP decoys formulated with PEMA 
exhibit less of a size dependency in the context of phagocytic modula
tion; 300, 400, and 600 nm PLGA (PEMA) NP decoys performed simi
larly in terms of decreasing phagocytic clearance of therapeutic 
surrogate NPs. A similar trend was observed in vivo where we observed a 
2-fold increase in therapeutic surrogate NP accumulation in the lungs for 
all PLGA (PEMA) decoy NP formulations. Together these data suggest 
that assessment of NP phagocytosis by macrophages in cell culture do 
provide predictive value for outcomes in vivo. Additionally, our in vivo 
results are relevant to pulmonary non-viral gene delivery for various 
lung pathologies [44]. For example, cystic fibrosis (CF) is characterized 
by mutations in the cystic fibrosis transmembrane conductance regu
lator (CFTR) gene encoding for a chloride channel [45,46]. Non-viral 
delivery of CFTR mRNA or gene editing technologies designed to 
ameliorate non-functional CFTR mutations have the potential to be 
curative [11,45,46]. Previously, we have demonstrated partial restora
tion of CFTR function with IV administration of peptide nucleic acid 
(PNA) NPs composed of PLGA to correct the F508del CFTR mutation 
[11]. A remaining hindrance of such approaches is therapeutic NP loss 
due to MPS activity, limiting therapeutic delivery to the lung — a 

Fig. 6. Pre-treatments are applicable to other NP delivery modalities. (A) 
Percent therapeutic NP clearance (normalized MFI) of RAW 264.7 cells pre- 
treated with either 0.2 mg/mL 500 nm cargo-free PLGA (PVA) NP decoys, or 
0.2 mg/mL 400 nm cargo-free PLGA (PEMA) NP decoys followed by treatment 
with 0.05 mg/mL therapeutic DiD-loaded PLGA NPs (n = 9, error bars represent 
SD of mean). A one-way ANOVA with multiple comparisons was used for sta
tistical analysis where experimental groups are compared to DiD NP only 
condition. (B) Percent initial NP fluorescence remaining in culture medium 
(normalized RFU) in RAW 264.7 cells pre-treated with either 0.2 mg/mL 500 
nm cargo-free PLGA (PVA) NP decoys, or 0.2 mg/mL 400 nm cargo-free PLGA 
(PEMA) NP decoys followed by treatment with 0.05 mg/mL therapeutic DiD- 
loaded PLGA NPs (n = 9, error bars represent SEM).
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Fig. 7. Cargo-free PLGA NP decoys decrease sequestration of therapeutic NPs by macrophages in the liver in vivo. Representative whole-organ IVIS fluorescence 
images of DiI-loaded therapeutic NPs (A). Corresponding IVIS quantification for therapeutic surrogate NP (DiI) signal reported as total radiant efficiency (B). Percent 
cells positive for DiD-loaded PLGA decoy NPs (C) or DiI-loaded therapeutic surrogate NPs (D) in the heart, liver, lung, spleen, kidneys, and bone marrow from mice 
pretreated with clodronate liposomes, PLGA (PVA) decoy NPs (200–500 nm), or PLGA (PEMA) decoy NPs (300–600 nm) (D). Percent change in MFI in the liver (E), 
spleen (F), and lung (G) in mice pre-treated with clodronate liposomes, PLGA (PVA) decoy NPs (200–500 nm), or PLGA (PEMA) decoy NPs (300–600 nm). Percent 
change in therapeutic surrogate NP (DiI)-positive cells in the lung in mice pre-treated with clodronate liposomes, PLGA (PVA) decoy NPs (200–500 nm), or PLGA 
(PEMA) decoy NPs (300–600 nm) (H). Fluorescent microscopy images of liver sections from mice that received no treatment and stained with IgG control (I), mice 
treated only with therapeutic surrogate NPs (J), and mice pre-treated with 400 nm PLGA (PVA) decoy NPs (K). Fluorescent microscopy images of lung sections from 
mice that received no treatment (L), therapeutic surrogate NPs only (M), or mice pre-treated with 400 nm PLGA (PVA) decoy NPs (N). Nuclei: blue; F4/80: green; DiI- 
loaded therapeutic surrogate NPs: red.; scale bars: 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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challenge that could be overcome with decoy NP pre-treatment. Other 
pulmonary diseases such as chronic pulmonary obstructive disease 
(COPD), lung cancer, asthma, and interstitial lung disease (ILD) could 
also benefit from non-virally delivered genetic therapies enhanced by 
decoy NP pre-treatment [44].

The data presented above focus primarily on the use of PLGA NPs as 
therapeutic surrogate NPs. The field of polymeric NPs, however, is 
rapidly growing with new advances in synthetic polymer materials and 
NP formulation techniques. For example, the broader family of PACE 
NPs and poly (beta-amino ester) (PBAE) NPs are additional polymeric 
delivery vehicles that are designed for nucleic acid delivery [13,47–50]. 
These vehicles also have the potential to benefit from the use of decoy 
NPs to improve biodistribution in vivo. For example, we have shown that 
the use of cargo-free PLGA NPs as decoy pre-treatments can enhance 
siRNA delivery via PACE NPs [14]. In the present study, we observed 
efficient decoy NP activity with a 24-h pre-treatment duration of PLGA 
(PVA) NP decoys in vivo, which significantly decreased therapeutic NP 
clearance in BMDMs as outlined in our cell culture studies above. This 
suggests that the data presented here are likely to be applicable across 
multiple therapeutic NP delivery platforms.

As we have demonstrated, variables in NP formulation such as size 
and surfactant properties have significant influence on tissue tropism. As 
both decoy and therapeutic NP formulations can be modified for specific 
delivery outcomes, we believe that there is potential to optimize coupled 
decoy and therapeutic NP treatments for specific applications. In this 
study, we found that 400 nm PLGA (PVA) NP decoy pre-treatment 
resulted in the most significant deposition of 200 nm PLGA therapeu
tic surrogate NPs in the lung. It is important to note, however, that 
different therapeutic NP formulations (varying in chemistry, size, and 
surface charge) can result in different biodistribution patterns due to 
variations in natural tissue tropism. For example, while we did not show 
significant therapeutic deposition in tissues other than the lung with 
decoy NPs in this proof-of-concept study, it is likely that further opti
mization (ex. different polymer chemistries and NP properties) of both 
decoy NPs and therapeutic NPs could be used to achieve targeted de
livery to other tissue types. Combining both our previous findings with 
PACE NPs [14], our current findings with PLGA NPs, and reports from 
LNP studies [27] we anticipate that cargo-free PLGA NP decoys will be 
widely applicable to many non-viral delivery platforms with the po
tential to benefit viral delivery modalities as well.

Overall, safety and biocompatibility of phagocytic modulators 
remain paramount to eventual clinical translation. PLGA is regarded as a 
generally safe biomaterial and has already received FDA approval for 
several drug delivery applications [51]. While the data presented in this 
study may not fall under the current applications for approval, the 
biodegradability and favorable safety profile of this polymer bode well 
for eventual translation [4,5,52]. The in vivo experiments in this study 
were performed with a 2 mg bolus PLGA NP decoy dose based on pre
vious reports of PLGA NPs similar in size and characteristics adminis
tered to disease model animals [43] that were well-tolerated for multiple 
doses. This dose for our proof-of-concept study was chosen purposefully 
to ensure macrophage saturation in the liver. Future studies should 
include a decoy NP dose titration to determine the minimal dose of 
decoy NPs needed to achieve the desired delivery outcome. Careful dose 
conversion will be of utmost importance for future clinical translation. 
In summary, we are optimistic for future therapeutic applications of 
modulatory decoy NP pre-treatments to mitigate phagocytic activity to 
the broader field of nanomedicine.

3.1. Materials

RAW 264.7 cells (TIB-71) were purchased from the American Type 
Culture Collection (ATCC), Manassas, VA. Dulbecco's Modified Eagle's 
Medium (DMEM) (SH30023FS), high glucose DMEM (11965118), 
Hank's balanced salt solution (HBSS) (14–175-095), and Roswell Park 
Memorial Institute (RPMI) medium (11875093) were purchased from 

Gibco, Grand Island, NY and used as received. Fetal Bovine Serum (FBS) 
(SH3007103HI) and penicillin streptomycin (SV30010) were purchased 
from Cytiva, Marlborough, MA. Red blood cell lysis buffer 
(AAJ62150AK), Ultrapure water (10977023), and optimal cutting 
temperature (OCT) (4585) were purchased from ThermoFisher Scienti
fic, Waltham, MA. Trehalose (BP268725) was diluted to 5 mg/mL in 
Ultrapure water and purchased from ThermoFisher Scientific. Goat 
serum (16210072) was diluted to 10% (v/v) in Dulbecco's phosphate 
buffered saline (DPBS) and purchased from ThermoFisher Scientific. 
Bovine serum albumin (BSA) (A7906), dichloromethane (DCM) 
(D65100), ethylenediaminetetraacetic acid (EDTA) (EDS-500G), and 
DNAse I (DN25-5G) were purchased from Millipore Sigma, Burlington, 
MA and used as received. PVA (36170) was diluted in Ultrapure water at 
5% (w/v) and PEMA (188050) was diluted in Ultrapure water at 1% (w/ 
v). Hoechst 33342 (5117) was diluted to 10 mg/mL in dimethyl sulf
oxide (DMSO) and purchased from Tocris Bioscience, Bristol, UK. PLGA 
(B60101-2P) was purchased from Lactel Polymers, Birmingham, AL and 
used as received. Recombinant Murine Macrophage Colony Stimulating 
Factor (rM-MCSF) (ab129146) was diluted to 10 μg/mL in Ultrapure 
water and purchased from Abcam, Waltham, MA. DiD (D7757) was 
diluted in DMSO to 10 mg/mL and was purchased from Invitrogen, 
Waltham, MA. DiO (60011) and DiI (60010) was diluted to 10 mg/mL in 
DMSO and purchased from Biotium, Fremont, CA. PE anti-mouse F4/80, 
clone BM8 (123110), Zombie Green Viability Kit (423111), and anti- 
mouse F4/80, clone BM8 primary antibody (123102) was purchased 
from BioLegend, San Diego, CA, and used as received. Collagenase 1 
(NC9096128) was purchased from Worthington Biochemical, Lake
wood, NJ as used as received. Rat IgG isotype control (31933) and 
Alexa-fluor 488 goat anti-mouse IgG (A11001) were purchased from 
Invitrogen. Vectashield mounting medium (H− 2000− 10) was pur
chased from Vector Laboratories, Newark, CA and used as received. 
Clodronate liposomes (CLD8909). were purchased from Encapsula 
Nanosciences, Brentwood,TN and used as received.

4. Methods

4.1. Cell culture

RAW 264.7 cells were cultured in DMEM fortified with equal parts 
Ham's F-12 medium and completed with 10% (v/v) FBS and 1% (v/v) 
penicillin streptomycin. All cell lines were cultured at 37 ◦C in a hu
midified incubator with 5% CO2 (Eppendorf, Hamburg, Germany, 
6731011515).

4.2. Isolation and culture of BMDMs

All primary cell harvest procedures were conducted in compliance 
with standards set by the Unit for Laboratory Animal Medicine (ULAM) 
with approval from the Institutional Animal Care and Use Committee 
(IACUC) of the University of Michigan. BMDMs were harvested from the 
tibial and femoral bone marrow of 8–12-week-old BALB/c mice and 
cultured in high glucose DMEM supplemented with 10% (v/v) FBS, 1% 
(v/v) penicillin streptomycin, and 1% (v/v) L-glutamine. Nonadherent 
cells were collected after a 24-h incubation period and differentiated 
with 20 ng/mL rM-MCSF for 8 days. Macrophage isolation was 
confirmed using flow cytometry to assess F4/80 expression on the cell 
surface [53].

4.3. NP formulation and characterization

Dye-loaded PLGA NPs were formulated via a single emulsion solvent 
evaporation process as outlined previously [4]. In brief, solid PLGA 
(50:50 lactide:glycolide) was dissolved in DCM at 50 mg/mL overnight. 
DiD (10 mg/mL in DMSO) was added to the polymer at 5 wt%. The 
polymer solution was added dropwise into 2 mL of 5% (w/v) PVA while 
vortexing to create an oil-in-water emulsion. The emulsion was then 
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sonicated three times at 38% amplitude for 10-s pulses (Sonics and 
Materials, Newtown, CT, VCX750). The sonicated solution was trans
ferred into 10 mL of 0.3% (w/v) PVA and the remaining organic solvent 
was evaporated using a rotary evaporator (Buchi, New Castle, DE, 
Rotavapor R-100) at 70 mbar for 20 min. The remaining NP suspension 
was centrifuged at 18,000 xg for 15 min in a Sorvall X4 Pro-MD 
Centrifuge (ThermoFisher Scientific, Waltham, Massachusetts, 
75016052). The supernatant was decanted, and the NP pellet was 
resuspended and sonicated in 10 mL Ultrapure water and centrifuged 
again at 18,000 xg for 15 min. This step was repeated to achieve a total 
of three washes. Hydrodynamic size and zeta potential of the resulting 
NP formulations were analyzed via DLS using a Malvern Zetasizer 
Advance - Ultra (Red) (Malvern Panalytical Ltd., Malvern, United 
Kingdom, ZSU3305).

Unloaded or blank PLGA decoy NPs were similarly formulated to 
achieve NP sizes of 200, 300, 400, and 500 nm. To achieve 300 nm NPs, 
a similar protocol was utilized; the only variation was during the soni
cation step, when the solution was instead sonicated for one 5-s pulse at 
20% amplitude. Similarly, 400 nm NPs were formulated using a Cole- 
Palmer Ultrasonic Processor (Cole-Palmer, Vernon Hills, Illinois, EW- 
04714-50) for a single 10-s pulse at 20% amplitude and 500 nm for a 
single 5-s pulse at 20% amplitude. Finally, to formulate blank PEMA 
PLGA decoy NPs, the same protocol was followed except for the fact that 
2% (w/v) PEMA was used in replacement for PVA and 1% (w/v) PEMA 
was used for the post-sonication dilution. For decoys used in vivo, the 
same protocol was used, however, DiD (10 mg/mL in DMSO) was added 
to the polymer at 5 wt%.

Dye-loaded PACE-PEG NPs were also formulated via a single emul
sion solvent evaporation process. Solid PACE-PEG polymer (60 mol% 
15-pentadecalonide (PDL)) was synthesized as described previously 
[48]. Similarly, PACE-PEG polymer was dissolved at 50 mg/mL in 
chloroform overnight [14]. After this step, the same protocol for PLGA 
NP formulation and characterization was followed barring NP washing 
by centrifugation. PACE-PEG NPs were centrifuged at 24,000 xg for 90 
min twice.

4.4. Phagocytic activity assessment in cultured macrophages

RAW 264.7 cells were seeded at 200,000 cells/mL in 24-well tissue 
culture plates and BMDMs were seeded at 500,000 cell/mL in 24-well 
tissue culture plates. Cells were allowed to adhere for 24 h and were 
then treated with PLGA decoys. Blank NPs were formulated either with 
PVA or PEMA and administered to cells at a final concentration ranging 
from 0.05 mg/mL-0.4 mg/mL. After the allotted pre-treatment incuba
tion period (4–48 h), the medium was aspirated and replaced with 
medium containing 0.05 mg/mL of DiD-loaded PLGA or PACE-PEG NPs 
for 24 h prior to harvest and analysis.

4.5. Flow cytometry analysis

Cells in 24-well tissue culture plates were washed with DPBS three 
times and then harvested via scraping. The cells were further washed via 
centrifugation at 135 RPM for 5 min two times and resuspended in 1×
DPBS. After washing, the cells were resuspended in fluorescence acti
vated sorting cell (FACS) buffer (2% w/v BSA in 1× DPBS). Flow 
Cytometry analysis was conducted on an Attune NXT 4 Laser Flow Cy
tometer (ThermoFisher, Waltham, MA). Data were analyzed using 
FlowJo™ v10.8 Software (BD Life Sciences, Franklin Lakes, New 
Jersey).

4.6. Fluorescence microscopy

To prepare for microscopy, cells were cultured in 24-well glass- 
bottom plates and washed with DPBS three times and then stained 
with Hoechst 33342 (10 mg/mL in DMSO stock) in culture medium at a 
volume ratio of 1:1000. After incubation with Hoechst for 20 min, the 

cells and fluorescent NPs were imaged on an EVOS M700 fluorescent 
microscope (ThermoFisher Scientific, Waltham, Massachusetts, 
AMF7000). For cargo-free PLGA NP decoy tracking studies, cell mem
branes were stained with DiO (10 mg/mL in DMSO stock) in culture 
medium at a volume ratio of 5:1000. After a 15-min incubation period, 
the cells were washed DPBS three times and then treated with the decoy 
of interest. The fluorescence intensity of NPs taken up by cells was 
quantified using a custom image processing MATLAB code described 
previously [17,42]. The fluorescent NP signal (fluorescence intensity) 
was normalized to nuclear signal.

4.7. Fluorescence quantification of cell culture medium

After incubation with therapeutic surrogate DiD-loaded PLGA NPs, 
100 μL of conditioned medium was collected and added to 100 μL of 
DMSO. The DMSO-medium solution was left overnight to dissolve the 
PLGA polymer and release the dye from the NPs in solution. After 24 h, 
the fluorescence of the solution was measured on a fluorometer 
(DeNovix, Wilmington, DE, DS-11 FX+) as a measure of the number of 
NPs remaining in the medium (i.e. not phagocytosed by cells). A sample 
of DiD-loaded PLGA NPs was saved prior to treatment of cells and pre
pared in the same manner as a positive control. All fluorescence mea
surements were normalized with a medium-only blank.

4.8. In-vivo biodistribution of PLGA NP decoys and therapeutic surrogate 
PLGA NPs

All animal procedures were performed in accordance with the 
guidelines and policies of the University of Michigan's Unit for Labora
tory Animal Medicine (ULAM) and approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University of Michigan. 
Following federal guidelines, animals were housed in an environment 
with a 12 h light/12 h dark cycle, a temperature of 20–26 ◦C, and 
30–70% humidity. Food and water were given ad libitum. 4–6-week-old 
BALB/c mice were administered a bolus 2 mg dose of DiD-loaded decoys 
via RO injection. Clodronate liposomes were administered at 2 mL/kg 
via RO injection. Four mice were used for each condition. Following a 
pre-treatment period of 24 h, mice were administered DiI-loaded PLGA 
NPs as a therapeutic surrogate NP for an additional 24 h via RO injection 
to achieve a blood concentration of 300 μg/mL. Proceeding treatment 
with DiI NPs, mice were euthanized via isoflurane overdose. After 
euthanasia, organs including the heart, liver, lung, spleen, kidneys, and 
bone marrow were harvested. Whole organ fluorescence of each tissue 
was imaged with an IVIS Spectrum (PerkinElmer, Waltham, MA, 
124262) and quantified using Living Image v 4.7.4 software (Perki
nElmer, Waltham, MA). Following imaging, organs were homogenized 
into single cell suspensions for analysis via flow cytometry. For pro
cessing of the liver and the lungs, each organ was manually sliced, added 
to 10 mL of enzyme solution (HBSS with 5 mg/mL Collagenase 1 and 1 
mg/mL DNAse 1), and agitated for 30 min at 37 ◦C. After shaking, lung 
samples were further homogenized through an 18G needle. Both liver 
and lung cell slurries were filtered through a 70 μM cell strainer. Liver 
samples were washed with 30 mL of liver isolation buffer (4.8% (w/v) 
BSA and 2 mM EDTA in HBSS) and lung samples were washed with 5 mL 
0.5% (w/v) BSA in PBS. Samples were centrifuged at 330 xg for 5 min, 
decanted, resuspended in 5 mL of PBS and spun again at the same set
tings. 2 mL of RBC lysis buffer was added to each sample for 2 min and 
quenched with 5 mL PBS and centrifuged again. Each pellet was resus
pended in 100 μL of PBS with 1:1000 parts Hoechst for nuclear staining 
and 1:1000 parts Zombie Green for cell viability and incubated for 15 
min at 4 ◦C. Samples were washed with 1 mL of FACS buffer (2% w/v 
BSA in PBS) and spun a final time. Final tissue pellets were resuspended 
in 500 μL FACS buffer before running on flow cytometry.

For processing of heart, spleen, and kidney tissues, each organ was 
homogenized into a single cell suspension through a 70 μM cell strainer. 
Cell slurries were collected in 5 mL of RPMI 1640 medium and 
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centrifuged at 330 xg for 5 min. The same protocol as outlined above for 
Hoechst and viability staining were repeated for these tissues. Finally, 
for processing of the bone marrow samples, the ends of each femur were 
carefully cut and the bone was flushed with 1 mL of RPMI 1640 medium. 
The samples were centrifuged at 330 xg for 5 min before being stained as 
outlined above. All samples were analyzed using an Attune NXT 4 Laser 
Flow Cytometer (ThermoFisher, Waltham, MA). Data were analyzed 
using FlowJo™ v10.8 Software (BD Life Sciences, Franklin Lakes, New 
Jersey).

4.9. Fluorescence microscopy of frozen liver and lung sections

A portion of harvested livers and lungs were embedded in OCT and 
sectioned into 10 μm thick slices with an QS12 cryostat (Avantik, Pine 
Brook, New Jersey). Liver sections were blocked with 10% goat serum in 
PBS for 50 min. After blocking incubation, the blocking buffer was 
removed, and the sections were washed with FACS buffer. Primary F4/ 
80 antibody was added to sections at a concentration of 100 nM in FACS 
buffer and incubated for 50 min on ice. A liver section from mice that 
received no treatment was reserved for IgG isotype control staining 
which was treated at the same concentration as primary F4/80 antibody. 
After incubation with primary antibody or IgG isotype control, the 
sections were washed three times with FACS buffer. Secondary antibody 
(goat anti-mouse) was added to sections at a concentration of 133 nM in 
FACS buffer and incubated for another 50 min. Liver sections were 
washed an additional three times with PBS and left to dry for 15 min. 10 
μL of Vectashield mounting medium was added to each section to mount 
a #1 coverslip before imaging on a EVOS M700 fluorescent microscope 
(ThermoFisher Scientific, Waltham, Massachusetts, AMF7000). The 
final wash step and mounting medium and coverslip application was 
performed for lung sections.

4.10. Cell viability assay

A CellTiter-Glo assay (Promega, Madison, WI, G7570) was used to 
assess cell viability via quantification of adenosine triphosphate (ATP) 
for all cargo-free PLGA decoy sizes (Fig. S4). Luminescence signal was 
measured and quantified with a BioTek Cytation 5 cell imaging multi- 
mode reader (BioTek, Winooski, VT).

4.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism 
version 10 software (GraphPad, San Diego, CA). An ordinary one-way 
ANOVA with a Tukey's multiple comparisons post-test was used to 
analyze all data sets for statistical significance and calculate p-values. 
For all statistical tests, P < 0.05 was considered statistically significant.
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Glossary

ATP: adenosine triphosphate
BMDM: Bone Marrow Derived Macrophages
BSA: Bovine Serum Albumin
CF: Cystic Fibrosis
CFTR: Cystic Fibrosis Transmembrane Conductance Regulator
COPD: Chronic Obstructive Pulmonary Disease
DCM: Dichloromethane
DiD: DiIC18(5) 1,1′-dioctadecyl-3,3,3′,3′-tetremethylindodicarboyanine, 4-chlorobenzene

sulfonate salt
DiI: DiIC18(3) 1,1′-dioctadecyl-3,3,3′,3′, tetramethylindocarbocyanine
DMEM: Dulbecco's Modified Eagle's Medium
DMSO: Dimethyl Sulfoxide
DLS: Dynamic Light Scattering
DiO: Benzoxazolium 3-octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-pro

penyl]-perchlorate
DPBS: Dulbecco's Phosphate Buffered Saline
EDTA: ethylenediaminetetraacetic acid
FACS: Fluorescence Activated Cell Sorting
FBS: Fetal Bovine Serum
HBSS: Hank's Balanced Salt Solution
IACUC: Institutional Animal Care and Use Committee

ILD: Interstitial Lung Disease
IV: Intravenous
IVIS: In-Vivo Imaging System
LDL: Low Density Lipoprotein
LNP: Lipid Nanoparticle
MFI: Mean Fluorescence Intensity
MPS: Mononuclear Phagocytic System
NP: Nanoparticle
OCT: Optimal Cutting Temperature
PACE: Poly(amine-co-ester)
PBAE: Poly(beta-amino ester)
PCSK9: Proprotein Convertase Subtilisin/Kexin Type 9
PDL: 15-pentadecalonide
PEG: Poly(ethylene glycol)
PEMA: Poly(ethylene-alt-maleic-anhydride)
PLGA: Poly(lactic-co-glycolic acid)
PNA: Peptide Nucleic Acid
PVA: Poly(vinyl alcohol)
RFU: Relative Fluorescence Intensity
rM-MCSF: Recombinant Mouse Macrophage Colony Stimulating Factor
RO: Retro-Orbital
RPMI: Roswell Park Memorial Institute
ULAM: Unit for Laboratory Animal Medicine
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