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Many diseases, especially cancer, are caused by the abnormal
expression of non-coding microRNAs (miRNAs), which regu-
late gene expression, leading to the development of miRNA-
based therapeutics. Synthetic miRNA inhibitors have shown
promising efficacy in blocking the activity of aberrant miRNAs
that are upregulated in disease-specific pathologies. On the
other hand, miRNAs that aid in preventing certain diseases
and are reduced in expression in the disease state need different
strategies. To tackle this, miRNA mimics, which mimic the ac-
tivity of endogenous miRNAs, can be delivered for those miR-
NAs downregulated in different disease states. However, the
delivery of miRNA mimics remains a challenge. Here, we
report a cationic polylactic-co-glycolic acid (PLGA)-poly-L-his-
tidine delivery system to deliver miRNA mimics. We chose
miR-34a mimics as a proof of concept for miRNA delivery.
miR-34a-loaded PLGA-poly-L-histidine nanoparticles (NPs)
were formulated and biophysically characterized to analyze
the structural properties of miRNA mimic-loaded NPs.
In vitro efficacy was determined by investigating miR-34a
and downstream target levels and performing cell viability
and apoptosis assays. We confirmed in vivo efficacy through
prolonged survival of miR-34a NP-treated A549-derived xeno-
graft mice treated intratumorally. The results of these studies
establish PLGA-poly-L-histidine NPs as an effective delivery
system for miRNA mimics for treating diseases characterized
by downregulated miRNAs.

INTRODUCTION
The RNA therapeutics field has taken off over the past decade as
several new nucleic acid-based drugs have entered the market to treat
various disorders through RNA silencing or processing. Currently, 14
antisense oligonucleotide drugs and 4 siRNA drugs have been
approved for clinical application.1–3 Although targeting a messenger
RNA (mRNA) of interest has been a successful strategy for treating
different diseases, targeting non-coding RNAs, such as microRNAs
(miRNAs), still presents a challenge. miRNAs are short, non-coding
RNAs (�22–23 nt in length) that are critical players in post-transcrip-
tional gene regulation, as they activate RNA silencing through the
RNA-induced silencing complex (RISC).4 Although it is a promising
area of RNA therapeutics, there are currently no Food and Drug
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Administration-approved miRNA-based therapeutics.5,6 Two forms
of miRNA-based therapy can treat miRNA dysregulation in disease:
antimiRs and miRNA mimics. AntimiRs have been shown to target
upregulated miRNAs in various disease conditions, especially in can-
cer. AntimiR-155 is under investigation to treat diffuse large B cell
lymphoma by silencing miR-155.7–10 For treating cutaneous T cell
lymphoma, cobomarsen (antimiR-155 drug candidate) is being inves-
tigated by Viridian Therapeutics in phase 2 clinical trials.11

miRNA mimics are a promising technology with therapeutic potential
to treat numerousdiseases causedby depleted levels of specificmiRNAs.
miRNAmimics are synthetic double-stranded nucleic acids that mimic
the activity of endogenous miRNAs through the activation of the RISC
via theArgonaute 2 protein.12 The synthetic nucleic acid design consists
of a double-stranded structure with guide and passenger strands. Upon
entering the cytoplasm and activation of the RISC, the passenger strand
degrades, and the miRNA guide strand binds to the target RNA strand
through Watson-Crick base pairing.13 Given the negative charge of
miRNAmimics and their susceptibility to enzymatic degradation, suc-
cessful delivery of miRNA mimics is challenging. A positively charged
delivery system is essential for the delivery of negatively charged oligo-
nucleotides.14 However, many currently existing highly cationic deliv-
ery systems, such as cationic lipids, can cause an adverse reaction that
limits their translation to the clinic.15

Here, we established polylactic-co-glycolic acid (PLGA)-poly-L-histi-
dine (His) nanoparticles (NPs) containing a moderate cationic charge
as a potential nanocarrier to successfully deliver miRNA mimics both
in vitro and in vivo. To test the PLGA-poly-L-His delivery platform
for miRNA mimics, we used miR-34a mimics for a proof-of-concept
study. miR-34a is a potent tumor suppressor miRNA that inhibits
various cancer-causing pathways, including the epithelial to themesen-
chymal transition state,16 and is downregulated in many solid tumors,
including lung adenocarcinomas.17–21 This loss can be combatted
through the delivery of miR-34a mimics to increase miR-34a activity
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with the desired target response. However, successfully translating
miRNA mimic technology to the clinic has remained challenging.
Mirna Therapeutics, now Synlogic, developed a liposomal-miRNA
mimic formulation to target miR-34a (MRX34), which was tested in
phase 1 clinical trials.22 This formulation used a cationic liposome to
encapsulate miR-34amimics. However, the trial was halted after severe
adverse events, such as cytokine release, hypoxia, and hepatic failure,
were noted.23 Therefore, there is a need for a safe and biocompatible
nanocarrier for the delivery of miRNA mimics.

In this study, we developed an effective delivery vehicle for miR-34a
mimics using PLGA-poly-L-His NPs. We initially performed a thor-
ough biophysical characterization to confirm the stability of our
formulation. Small-angle X-ray scattering (SAXS) analysis revealed
the structural arrangement of miRNA mimics within the PLGA-
poly-L-His NPs. To establish the proof of concept in vitro, we tested
the miR-34a NPs in cell culture in A549 cells, which are a lung adeno-
carcinoma epithelial cell line. We evaluated cellular uptake and the
route of endocytosis. We also assessed miR-34a and p53 mRNA and
protein levels using gene expression and western blot analysis. We
evaluated A549 cell survival using cell viability and apoptosis-based
assays. We then demonstrated in vivo efficacy by testing the miR-
34a NPs intratumorally in A549-derived xenograft mice. Overall, we
created an miRNAmimic-based therapeutic utilizing a safe and effec-
tive delivery system based on PLGA-poly-L-His formulations.

RESULTS
miR-34a NP formulations and physicochemical characterization

Here, we utilized a PLGA-poly-L-His NP delivery system to circum-
vent some of the present challenges and achieve optimal loading dur-
ing formulation. PLGA-poly-L-His NPs are a unique cationic delivery
system in which a PLGA NP core contains patches of His residues on
the surface to give the particles a cationic charge that can be fine-
tuned based on the amount of His present during formulation.24 Prior
studies established that PLGA-poly-L-His (w/w 4.9/0.1) can deliver
cargo without toxicity.24 Initially, we tested if PLGA NPs can encap-
sulate the miR-34a mimic. However, we did not observe significant
loading of the miR-34a mimic (not shown), which could be due to
the negative charge on the PLGA surface that hinders the loading
of the negatively charged miRNA mimic.

Hence, we formulated PLGA-poly-L-His NPs using the double emul-
sion solvent evaporation technique to encapsulate miRNA mimics
(Figure 1A). We prepared NPs without miRNA mimic (blank NPs),
miR-34a mimic-containing NPs (miR-34a NPs), and NPs containing
a scramble sequence mimic (Scr-34a NPs). To investigate the cellular
uptake of mimics, an NP formulation with miR-34a mimics cova-
lently conjugated to fluorescein isothiocyanate (miR-34a-FITC
NPs) was used.

We utilized electron microscopy and dynamic light scattering to
conduct thorough physicochemical testing, including morphology,
particle size/polydispersity, and surface charge of the formulations.
Visually, the blank NPs and miR-34a NPs were spherical in
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morphology and uniform in size (�90 nm), as shown by scanning
electron microscopy (SEM) images (Figure 1B). In addition, we
performed transmission electron microscopy (TEM) and observed
uniform morphology and stable morphological structure of NPs con-
taining miR-34a mimics (Figure 1B). Further, we measured the hy-
drodynamic size and polydispersity index (PDI) of the NP formula-
tions using dynamic light scattering. Dynamic light scattering is
used to quantify the Brownian motion of NPs in a solvent, revealing
hydrodynamic size. We confirmed that the hydrodynamic size was
�200 nm for all formulations, with a PDI of 0.10–0.20, indicating a
minimal change in particle size and distribution when loaded with
miR-34a mimics (Figure 1C). We also assessed the surface charge
density via zeta potential. We noted zeta potentials (mV)
of +4.29 ± 1.195 mV for blank NPs, �21 ± 5.60 mV for miR-34a
NPs, and �20 ± 2.73 mV for Scr-34a NPs (Figure 1C). The change
in surface charge density from positive to negative when loaded
with the miRNA mimic is attributed to the interactions of the nega-
tively charged miRNA mimic with the NP formulation. We also
confirmed NP formulations of different batches, where we observed
minimal differences in particle size, PDI, and surface charge among
three batches when testing blank NPs, miR-34a NPs, and Scr-34a
NPs (Figure S1).

Loading and release kinetics of mimic-loaded NPs

Next, to understand the quantity of miRNA mimic present in the NP
formulation and determine the release of miRNA mimic, we quanti-
fied the loading and percentage cumulative release for both miR-34a
and Scr-34a NPs. We performed a solvent extraction technique for
the loading study and quantified the miRNA mimic in the aqueous
buffer layer. The loading was estimated to be �15%–20% for miR-
34a and Scr-34a NPs, respectively, based on the initial loading dose
of 1 nmol/mg NP (Figure 1D). We also investigated the extraction ef-
ficiency of miRNA mimic from the dichloromethane (DCM)/sodium
acetate mixture. For this study, we used blank NPs and added 150
pmol of miR-34a mimic. DCM was then added to the blank NPs
and miR-34a mimic, samples were shaken for 24 h, and the sodium
acetate buffer was added to extract the miR-34a mimic into the
aqueous layer. The extraction efficiency was quantified to be 80%–
100% (Figure S2).

We further quantified the release of miRNAmimic over a 48 h period
in phosphate-buffered saline (PBS) at physiological pH (7.4). Here,
we noted an initial burst release at 15 min, followed by 50%–70%
release by 1 h, and a complete overall release by 24 h (Figure 1D).
The release profile is consistent with the presence of the miRNA
mimic on the surface of the NP, as shown by SAXS results (Figure 2).
At pH 7.4, the His on the NP surface becomes un-ionized, reducing
the affinity for the miRNA mimic.

RNA integrity of the miR-34a mimic in the NP formulation

miRNAmimics have the potential to degrade both during the formu-
lation process and in storage due to structural changes and RNase-
based contamination. To test the stability of the miR-34a mimics in
our formulation, we performed an in vitro release assay of the NP
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Figure 1. Formulation of PLGA-poly-L-His-miR-34a nanoparticles containing miR-34a mimic and their biophysical characterization

(A) Schematic showing PLGA-poly-L-His (PH) NP formulation using double emulsion solvent evaporation. PLGA and poly-L-histidine (PLGA-poly-L-His) were solubilized at a

4.9/0.1 w/w ratio in acetone:DCM (2:1) organic solvent. (B) SEM and TEM images of miR-34a-loaded PLGA-PHNPs. The respective size distribution was calculated from the

SEM image using ImageJ software. The scale bar represents 100 nm. (C) NP hydrodynamic size (in nm), polydispersity index (PDI), and surface charge density (in mV) of

blank, miR-34a, and Scr-34a NPs. Data represent the mean of three batches (n = 3) ± standard deviation. Data for individual batches are shown in Figure S1. (D) Loading

(percentage of initial loading/mg NP) and release kinetics as percentage cumulative release of miR-34a and Scr-34a NPs in phosphate-buffered saline. Data represent

the mean (n = 3) ± standard deviation. (E) In vitro release analysis to determine the miRNAmimic integrity using polyacrylamide gel electrophoresis. (Top) Schematic showing

the workflow for release of miRNA mimic from NPs followed by PAGE. (Bottom) Gel shift assay to analyze the stability of released miRNA mimic stability. Lane 1 contains the

miRNA mimic stock at 1 mM concentration. Lanes 2–4 contain the released miRNA mimic (equivalent concentration) from the NPs. Data show samples from three separate

NP batches.
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formulation (Figure 1E). Here, we resuspended both miR-34a and
Scr-34a NPs in PBS at physiological temperature (37�C) for 48 h to
release the mimic from the formulation. We then loaded the released
miR-34a mimic onto a 5% polyacrylamide gel electrophoresis
(PAGE) gel to evaluate RNA stability. We loaded the 5% PAGE gel
with a 1 mM miRNA mimic stock as a control, and the released
miRNA mimic was also loaded in the adjacent wells. In this study,
we tested samples from three NP batches of both miR-34a and Scr-
34a NP formulations. The PAGE gel demonstrates the stability of
both miR-34a and Scr-34a mimics by the presence of similar band in-
tensities between the miRNA mimic stock in lane 1 and the released
mimic in lanes 2–4 (Figure 1E). In addition, an intense single band in
Molecul
lanes 2–4 shows minimal impurities or degradation products in the
formulation. Therefore, we established that the miR-34a mimic cargo
is stable in the NP and does not degrade during the formulation
process.

Structural characterization of miR-34a NPs using small-angle

X-ray scattering

In previous work, it has been shown that the PLGA-poly-L-His NPs
have a core-shell spherical structure by small-angle neutron scattering
(SANS).24 Using SANS, we also established that PLGA-poly-L-His
NPs consist of a PLGA core with His patches on the surface, giving
the NPs a cationic charge.24 We adopted the same morphological
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 273
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Figure 2. Structural arrangement of miR-34a NPs using small-angle X-ray scattering

(A) The SAXS patterns of PLGA-poly-L-His NPs with and without miR-34a mimics. (Table 1) The best-fitted results from the core-shell spherical model with a power law. (B)

Schematic showing the arrangement of miR-34a mimics and PLGA-poly-L-His NPs. The miR-34a mimic is shown to be binding around the surface of the PLGA-poly-L-His

NP based on the SAXS outcomes.
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model to fit the SAXS data of PLGA-poly-L-His NPs in the presence
and absence of miR-34a mimics to understand how miR-34a mimics
associate with the NPs (Figure 2A). The low q regime for both BL NPs
and miR-34a NPs shows q�4 decays, indicating that the particle size is
more significant than 800 Å, outside the SAXS probing range. We
observed subtle differences in the high q regime (>0.1 Å�1), with
higher scattering intensity and slower decay of miR-34a NPs than
those of BL NPs. The differences suggest structural variation at a
length scale smaller than 60 Å. We utilized the core-shell spherical
model as the best-fitting parameters, which show the most significant
difference to be the shell thickness (T), varying from 98 ± 1 Å for BL
NPs to 106 ± 1 Å after the association with miR-34a mimics (Figure 2,
table, and supplemental information). Based on the SAXS results, we
attribute the scattering patterns to the binding of miR-34a mimics
onto the surface of PLGA-poly-L-His NPs (Figure 2B). Further,
consistent with our hypothesis, quantitatively, miR-34a NPs possess
a negative surface charge due to the miR-34a mimics present on
the NP surface.

Cellular uptake of miR-34a NPs

After understanding our formulation’s physicochemical properties,
we evaluated the functional efficacy in cell culture in A549 cells.
The A549 cell line is a lung adenocarcinoma cell line with reduced
miR-34a and p53 levels, promoting cell proliferation. p53 is the
downstream factor of choice as it functions as a major tumor sup-
pressor gene directly associated with miR-34a in a positive feedback
loop. We also tested levels of direct targets of miR-34a, such as
SIRT1, MYC, and BCL2. Initially, we performed cellular uptake
analysis of the formulations in the A549 cells. We loaded miR-
34a mimic covalently conjugated to FITC into the NPs for cellular
uptake and endocytosis studies. We treated A549 cells for 24 h with
the miR-34a-FITC NPs at a 2 mg/mL NP dose as PLGA-poly-L-His
NPs. We analyzed cellular uptake using confocal microscopy and
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then quantified the uptake in a separate study with the same treat-
ment conditions using flow cytometry. We observed high cellular
uptake as the NPs localized near the nucleus and distributed in
the cytoplasm (Figure 3A). We also compared the cellular distribu-
tion of the miR-34a mimic when transfected with Lipofectamine
and when encapsulated in NPs at an equivalent NP dose of 300
pmol of mimic. Delivery by NPs exhibited higher cellular distribu-
tion for miR-34a mimic (Figure S3).

We further quantified the uptake by flow cytometry, which also con-
firms a higher FITC signal when treated with miR-34a-FITC NPs
compared with Lipofectamine-delivered miR-34a-FITC at an equiva-
lent dose of 300 pmol as the positive control for this study (Figure 3B).
From this study, we observed that the PLGA-poly-L-His NP formula-
tion is effective at undergoing significant cellular uptake at a 2 mg/mL
dose. Approximately 30% of the cell population internalized the miR-
34a-FITC when delivered using PLGA-poly-L-His NPs (Figure 3B).

Using confocal microscopy and flow cytometry, we also investigated
the endocytosis route using endocytosis inhibitors (Figure S4). Chlor-
promazine inhibits clathrin-mediated endocytosis, genistein inhibits
caveolae-mediated endocytosis, and amiloride inhibits micropinocy-
tosis.25 We noted less uptake in cells pre-treated with chlorpromazine
to conclude that miR-34a NPs most likely undergo clathrin-mediated
endocytosis (Figure S4A). We also quantified the uptake using flow
cytometry, as we noted less FITC signal in cells treated with chlor-
promazine compared with the other inhibitors. Based on the flow cy-
tometry results, we established that clathrin-mediated endocytosis is a
prominent pathway for cellular uptake of PLGA-poly-L-His NPs con-
taining miRNA mimics (Figure S4B).

We visualized cellular uptake over time using confocal microscopy to
understand the kinetics of miR-34a NPs in cells (Figure S5). Here, we
023



Figure 3. Functional analysis of miR-34a NPs in A549 cell culture studies

(A) Cellular uptake of miR-34a-FITC NPs in A549 cells using confocal microscopy. Cells were treated at a 2 mg/mL NP dose for 24 h. White arrows point to green puncta,

representing miR-34a-FITC NPs undergoing cellular uptake. Blue represents nuclei. The image was taken at 100� original magnification. The scale bar represents 50 mm. (B)

Stacked histogram of flow cytometry analysis to quantify cellular uptake of miR-34a-FITC NPs after 24 h in A549 cells. Cells were also treated with miR-34a-FITC transfected

with Lipofectamine (Lipo) as a positive control and blank NPs as a negative control. PBSwas used as the untreated control. The quantification of internalization is represented

in the bar graph on the right. The data are represented asmean ± standard deviation. (C) Normalized miR-34a fold change of RNA isolated from A549 cells after being treated

with Scr-34a NPs and miR-34a NPs for 24 h at a 2 mg/mL dose. Data represent the mean (n = 3) ± standard deviation. A 1% agarose gel of amplified PCR product is shown

above the dataset. (D) p53 gene expression in A549 cells after being treated with Scr-34a NPs and miR-34a NPs for 24 h at a 2 mg/mL dose. Data represent the mean (n =

3) ± standard deviation. A 1% agarose gel of amplified PCR product is shown above the dataset. (E) Western blot analysis of p53 protein from A549 cells treated with Scr-34a

NPs and miR-34a NPs for 24 h at a 2 mg/mL dose. p53 protein levels are normalized to vinculin levels. Data represent the mean (n = 3) ± standard deviation. Protein blots

indicate protein intensity based on pixels per band, quantified using ImageJ. (F) p53 protein levels of A549 cells treated with Scr-34a NPs andmiR-34a NPs for 24 h (2mg/mL

dose) and incubated under hypoxic conditions for 24 h. Data represent themean (n = 3) ± standard deviation. Protein blots indicate protein intensity based on pixels per band,

quantified using ImageJ. The p53 protein levels are normalized to vinculin levels. Unpaired t test was used to determine statistical significance; *p < 0.05; ***p < 0.001.
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noted a substantial increase in uptake at 8–24 h of incubation fol-
lowed by complete uptake by 24 h (Figure S5). We determined a
time-dependent effect in miR-34a-FITC NP uptake and hence kept
the treatment durations of 24 h.

Functional analysis in A549 cells treated with miR-34a NPs

Next, we performed a series of gene expression studies to confirm the
upregulation of miR-34a and p53 after transfection with miR-34a NP
formulations. A549 cells were treated with Scr-34a NPs and miR-34a
NPs. After 24 h, there was a statistically significant 5-fold increase in
miR-34a levels when treated with miR-34a NPs compared with
Scr-34a NPs (Figures 3C and S6). We also observed the significant
upregulation of p53 by 50% when treated with miR-34a NPs (Fig-
ure 3D). In addition, we tested the miR-34a and p53 levels when the
miR-34a mimic was transfected with Lipofectamine. We transfected
the cells with miR-34a mimic and noticed a significant increase in the
miR-34a level and a moderate increase in the p53levels (Figures S7A
Molecul
and S7B). Although we used Lipofectamine for the comparative anal-
ysis, it is challenging to perform the in vivo studies with Lipofectamine
due to the side effects associated with its lipid content.26

In addition, we tested direct targets of miR-34a, such as SIRT1,MYC,
and BCL2, during in vitro studies. SIRT1 is a p53 deacetylating gene,
and we hypothesized it would be downregulated when miR-34a was
upregulated.27 MYC is an oncogene that regulates cell proliferation
and is often highly upregulated in cancer.28 BCL2 is another antiapop-
totic gene highly expressed with the inactivation of miR-34a in can-
cers.29 In the gene expression analysis, we noticed an �50% decrease
in SIRT1,MYC, and BCL2when the A549 cells were treated withmiR-
34a NPs, confirming the tumor-suppressive effects of miR-34a NPs
(Figure S8).

After assessing p53 levels through gene expression, we corroborated
these results on the protein level using western blot. Vinculin was
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 275
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Figure 4. Cell viability and proliferation analysis of miR-34a NP-treated A549 cells

(A) Apoptosis of miR-34a NP-treated A549 cells using an Annexin-V/7-aminoactinomycin D (7-AAD)-based assay. Cells were treated with miR-34a NPs and Scr-34a NPs for

24 h at a 2 mg/mL dose. The cells undergoing apoptosis and necrosis were stained with Annexin labeled with phycoerythrin (PE) and 7-AAD, which stains necrotic and dead

cells. The quadrants of the dot plots represent necrotic (Q1), late-stage apoptotic (Q2), early apoptotic (Q3), and live cells (Q4). The data were quantified using FlowJo to

calculate the total percentage of apoptotic cells. Data represent themean (n = 3) ± standard deviation. (B) Apoptosis of A549 cells using confocal microscopy. A549 cells were

treated with miR-34a and Scr-34a NPs at a 2mg/mLNP dose for 24 h. Apoptotic cells were then stained with Annexin-V and conjugated to FITC to visualize the apoptotic cell

populations. The cells were imaged at 10� original magnification. Images shown are cells treated with Scr-34a NPs andmiR-34a NPs. The green puncta represent apoptotic

cells. The scale bar represents 50 mm. (C) A549 colony-forming efficiency of miR-34a NP-treated cells. Cells were treated with miR-34a NPs or Scr-34a NPs for 24 h at a

2 mg/mL dose. The crystal violet stain represents the number of colonies. The bar graph shows data where the number of colonies is normalized with respect to Scr-34a NP-

treated cells. Data represent the mean (n = 3) ± standard deviation. (D) Cell viability using trypan blue assay. Data represent normalized cell viability with respect to blank NP.

Data represent the mean (n = 3) ± standard deviation. Unpaired t test was used to determine statistical significance; *p < 0.05; **p < 0.01.
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used as the endogenous control, and p53 protein levels were normal-
ized to Scr-34a NPs. After 24 h, we confirmed an�1.5-fold increase in
p53 protein levels in miR-34a NP-treated cells (Figures 3E and S9).
We also analyzed the p53 protein levels when transfected with Lipo-
fectamine, where there was a slight increase (nonsignificant) when
transfected with 300 pmol (Figure S7C). Hypoxic conditions have
been found to lower p53 levels in A549 cells, contributing to tumor
proliferation.30 We investigated p53 protein levels under hypoxic
conditions (1% O2 in nitrogen) and compared them with normoxia
conditions (20% O2, 5% CO2). Baseline p53 protein levels in hypoxia
were reduced by 60% compared with normal incubation conditions
(Figure S10). To evaluate if p53 levels could be further upregulated af-
ter treatment with miR-34a NPs under hypoxic conditions, we treated
cells with miR-34a NPs under hypoxia for 24 h. We observed a 25%
increase in p53 protein levels compared with Scr-34a NPs (Figure 3F).
This equates to an �80% increase in p53 protein from the baseline
levels in A549 cells. As the tumor microenvironment is hypoxic, we
confirmed that the miR-34a NPs can increase p53 levels, suggesting
276 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
this as a possible mechanism for the tumor-suppressor effects of
miR-34a.

Apoptosis of A549 cells when treated with miR-34a NPs

As miR-34a’s primary function is to regulate genes that control
apoptosis and cell growth, we initially wanted to test the extent of
apoptosis in A549 cells treated with miR-34a NP. Here, we utilized
the Annexin-V apoptosis assay through flow cytometry and fluores-
cence microscopy (Figure 4A). We treated the cells with Annexin-V,
which binds to phosphatidylserine exposed on the cell membrane
of apoptotic cells. Further, we stained with 7-aminoactinomycin D
(7-AAD), which stains necrotic cells. We observed an �40% increase
in apoptosis in miR-34a NP- versus Scr-34a NP-treated cells (�15%
of the total cell population was in the apoptotic state compared with
10% for Scr-34aNP-treated control).We also utilized Annexin-V cova-
lently conjugated to FITC to visualize the apoptotic cell population us-
ing fluorescence microscopy with the same NP treatment conditions.
We noticedmore cells in the apoptotic state, indicated by green puncta,
023
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when treated with miR-34a NPs compared with the Scr-34a NP treat-
ment group (Figure 4B). Therefore, we established that the miR-34a
NPs induce apoptosis in A549 cells. We also evaluated cell-cycle
changes inA549 cells by propidium iodide staining following treatment
with miR-34a NPs. We did not see any significant changes in cell-cycle
phases (G0–G1, S, and G2–M) for miR-34a NPs or BL NPs, as seen in
earlier reported studies (Figure S11).31

Colony-forming efficiency when treated with miR-34a NPs

In our studies, we expect reduced cell viability of A549 cells through
the effective upregulation of miR-34a with our NP formulation. We
tested the colony-forming efficiency of cancer cell lines to indicate
whether the miR-34a NPs caused reduced proliferation, signified by
fewer cell colonies. We treated A549 cells with miR-34a NPs and
Scr-34a NPs. After 13 days, we noted that the colony survival was
reduced by 60% when the cells were treated with miR-34a NPs
compared with Scr-34a NP treatment, indicated by a lower number
of colonies in the miR-34a NP treatment group (Figure 4C). Based
on the results, we showed that miR-34a NPs effectively reduce the po-
tential for A549 cell proliferation.

Cell viability using trypan blue assay

We also performed a trypan blue assay to further confirm cell viability
reduction. The trypan blue assay is a cell staining assay that aids in
differentiating between the living and the dead cell populations. We
treated the cells for 24 h with Scr-34a NPs and miR-34a NPs and
noticed a decrease in cell viability of approximately 50% after treat-
ment with miR-34a NPs compared with Scr-34a NPs (Figure 4D).
We demonstrated that miR-34a NPs reduce cell viability, indicated
by an increase in the dead cell population aftermiR-34a NP treatment.

In vivo intratumoral efficacy of miR-34a NPs

To confirm the effect of miR-34a NPs in vivo, we tested the miR-34a
NPs in A549-derived xenograft mice. A549 cells were cultured and
implanted via subcutaneous injections along the flank region in fe-
male immunocompromised NOD-SCID mice. Initially, we evaluated
the intratumoral biodistribution of the miR-34a NPs at 8 and 24 h to
confirm their delivery. We treated mice with miR-34a NPs labeled
with 6-carboxyfluorescin (FAM) at a 3 mg dose per mouse intratu-
morally. We noted the distribution of the miR-34a-FAM NPs in
the tumor at 8 h with continued accumulation until 24 h by IVIS im-
aging (Figures 5A and S12). In the tumor images taken by confocal
microscopy, we observed that miR-34a-FAM NPs localized in the tu-
mor at both 8 and 24 h, which gives a good indication of tumor reten-
tion of the NP formulation.

We tested the survival of A549-derived xenograft mice when treated
with miR-34a NPs. We injected the mice intratumorally with PBS,
miR-34a NPs, or Scr-34a NPs at a dose of 3 mg NPs (Figure S13).
The mice were euthanized once the tumor volume reached
2,000 mm3, and percentage survival was plotted. We noted that the
average survival of mice treated with PBS was 17 days. Compared
with the Scr-34a NP treatment group, we noticed a significant survival
of mice treated with miR-34a NPs (20 days) (Figure 5B). Next, we as-
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sessed the extent of cell proliferation in the tumors by Ki-67 staining
of tumor sections (Figure 5C). As expected, we observed a significant
reduction in Ki-67-positive-marked cells when treated with miR-34a
NPs compared with PBS and Scr-34a NPs. We quantified the reduc-
tion in proliferative cells by ImageJ software to compare the relative
number of Ki-67-positive-marked cells when treated with Scr-34a
NPs and miR-34a NPs. We confirmed an �60% reduction in
proliferative cells when treated with miR-34a NPs intratumorally
compared with Scr-34a NPs. Next, to verify the functionality of
miR-34a NPs in vivo, we also assessed miR-34a levels in the tumor
samples using gene expression analysis. In addition, we used western
blot studies to measure the amount of p53 and SIRT1 protein levels
in the tumor samples. SIRT1 is a direct miR-34a target involved in
p53 deacetylation, contributing to tumor progression. Here, we
expected the levels of miR-34a and p53 to increase and SIRT1 to
be downregulated. We observed that the miR-34a levels increased
by 2-fold (Figure 5D). On the protein level, we determined that
p53 was increased by 1.5-fold (Figures 5E and 5F). We also estab-
lished a 0.60-fold decrease in SIRT1 (Figures 5E and 5F). Also, we
did not observe any adverse effects on the liver, kidney, and spleen
when treated with miR-34a NPs, as shown by the H&E histological
staining of organ sections (Figure S14). Hence, we established pro-
longed survival and increased miR-34a levels attributed to the efficacy
of miR-34a NPs in vivo.

DISCUSSION
Non-coding RNAs such as miRNAs, lncRNAs, and circRNAs have
been identified for their role in gene expression regulation through
mRNA stability, chromatin regulation, and RNA sponging, respec-
tively.32 miRNAs have been established as potential drug targets
for various diseases and are being further explored for therapeutic
purposes. Here, we have focused our studies on delivering
miRNA mimics, as it has been well established that the downregu-
lation of specific miRNAs is a cause of many diseases, including
cancer.

To target aberrantly upregulated miRNAs, oligonucleotides can be
designed to be complementary to an miRNA sequence to block the
miRNA from binding to its target RNA sequence. AntimiRs bind to
the target miRNA through Watson-Crick base pairing and inhibit
the miRNA activity through steric hindrance.33 Several miRNA in-
hibitor-based drug candidates are being tested in pre-clinical and
clinical studies. Cobomarsen is a locked nucleic acid inhibitor of
miR-155 (antimiR-155) developed by miRagen Therapeutics (now
acquired by Viridian Therapeutics). It is currently being tested in
phase 2 clinical trials to treat cutaneous T cell lymphoma.34 In addi-
tion, this locked nucleic acid inhibitor has also shown efficacy in
blocking miR-155 in diffuse large B cell lymphoma cell lines.10 More-
over, tiny locked nucleic acids and peptide nucleic acids are also being
explored to target miRNAs’ seed region (8 bp functionally active
stretch).7,35

On the other hand, miRNAmimics effectively replenish miRNAs that
are downregulated in diseases such as cancer by mimicking
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Figure 5. Intratumoral in vivo efficacy studies

(A) Cryosection images after intratumoral injection of miR-34a-FAM NPs at 8 and 24 h. Tumors were injected with 3 mg of NPs. Images were taken at 40� original

magnification. Scale bar represents 100 mm. Blue fluorescence represents cell nuclei stained with DAPI, and green puncta represent miR-34a-FAMNPs. (B) Survival curve for

tumors treated with PBS, miR-34a NPs, and Scr-34a NPs. The survival endpoint was a tumor volume of 2,000 mm3 and plotted against the number of days (nR 4 mice in

each treatment group). Log-rank Mantle-Cox test was performed for statistical significance of percentage survival. (C) Histological analysis of A549 xenograft tumors.

Histology section images of staining with Ki-67. Tumors were stained with Ki-67 to mark cell proliferation. The brown color indicates proliferative cells. Scale bar represents

100 mm. Quantification of total positive Ki-67 signal was done using ImageJ software. The data shown are the averages of n = 6 section areas ± standard deviation and

normalized to Scr-34a NPs. (D) miR-34a gene expression in tumor samples. Data are plotted normalized to Scr-34a NP-treated tumors. Data are shown as the mean of nR

5 ± standard deviation. (E) p53 and SIRT1 protein analysis by western blot. Vinculin was used as the endogenous control for measuring p53 levels (left blot images). GAPDH

was used as the endogenous control for measuring SIRT1 levels (right blot images). Band intensity was normalized to Scr-34a NPs and was quantified with ImageJ software.

(F) Quantification of protein blot intensity. (Left) p53 protein levels were normalized to Scr-34a NPs. (Right) SIRT1 levels were normalized to Scr-34a NPs. Unpaired t test was

used to determine statistical significance; *p < 0.05; **p < 0.01.
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endogenous miRNA activity. However, the delivery of miRNA
mimics has remained challenging due to various factors, including
the negatively charged phosphodiester backbone. Another challenge
to consider is the double-stranded structure that can trigger the
release of pro-inflammatory cytokines such as IFN-a, IFN-g, and
IL-1.36

A cationic delivery system can improve the loading of negatively
charged cargo. However, there are challenges, as highly cationic deliv-
ery systems are known to cause systemic toxicity in vivo.37 Delivery
systems with modest positive charges would reduce potential toxicity.
Liposomal delivery, specifically amphoteric liposomes, had been a
promising route for the delivery of miRNA mimics, as they were
effectively delivered systemically for liver cancer treatment in pre-
clinical mouse studies.19,38 However, in phase 1 clinical trials, side ef-
fects were reported when liposomal delivery was used in humans. For
the MRX34 clinical trial (Synlogic), these side effects included liver
278 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2
failure, hypoxia, and cytokine release, which can all be attributed to
the use of charged lipids and off-target delivery. However, amphoteric
lipids’ composition helps alleviate issues with loading and encapsu-
lating miRNA mimic payloads. Furthermore, the scale-up of lipo-
somal formulations containing nucleic acids is challenging, as
observed in lipid-based vaccines. A polymeric nanodelivery system
is a safer alternative because the polymer breaks down into biocom-
patible metabolites when administered. PLGA is an FDA-approved,
biodegradable polymer that has been shown to be effective in the de-
livery of nucleic acids.39 For the delivery of negatively charged
miRNA mimics, using a cationic delivery system is optimal to
improve loading through ionic interaction.

In our current studies, we have shown that the use of PLGA-poly-L-His
NPs is beneficial for the delivery of miR-34a, standing as a proof of
concept for the delivery of other miRNA mimics for the treatment of
other diseases. Previously, a PLGA-poly-L-His NP system has been
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shown to exhibit optimal cellular uptake properties when loaded with
peptide nucleic acids and paclitaxel.24 Through endocytosis inhibitor
studies, we established that miRNA mimic-loaded NPs undergo cla-
thrin-mediated endocytosis. The details of this uptake mechanism
will need to be explored further to better understand the different recep-
tors andproteins involved in the cellular uptake ofmiRNAmimics. This
has beenpreviously established for siRNA; thus, investigating themech-
anism formiRNAmimics can further enhance their functionality.40We
confirmed efficacy in vitro through thorough gene expression and
western blot analysis to corroborate the functional activity of the formu-
lation. Our results indicated upregulation of both miR-34a and its
downstream tumor-suppressor transcription factor, p53, on both the
gene and the protein levels in vitro. By testing miR-34a direct target
genes such as SIRT1, MYC, and BCL2, we support that miR-34a NPs
effectively target themiR-34adownstreamgenenetwork.This is accom-
panied by a significant reduction in the A549 cell survival through
increased apoptosis, as shown by Annexin-V-based apoptosis assays.

Understanding the structural characterization of miRNA mimics
within the PLGA-poly-L-His NPs, using SAXS, allows us to fine-
tune our formulation to increase the payload. SAXS was used in iden-
tifying the structures of different delivery systems for improved deliv-
ery of nucleic acid analogs. Previously, SAXS has determined the
structure of lipid bicelles loaded with peptide nucleic acids
(PNAs).41 In addition, nano- and self-assemblies of gamma-PNAs
have also been structurally defined by SAXS.42 In our studies, the
SAXS patterns show increased shell thickness of NPs with the associ-
ation of miR-34a mimics compared with the BL NPs, suggesting that
miR-34a mimics presumably coat the NP surface, consistent with the
observed release profile.

Studies have shown that other oligonucleotides, such as PNAs, un-
dergo exocytosis.43 Although we have investigated the endocytosis
of miRNA mimics, the mechanism of exocytosis has not been
explored. This mechanistic understanding would shed light on the
amount of miRNA mimic present and the amount excreted out of
the cells over time to determine the amount of miRNA mimics
available in the cytoplasm.

In addition to investigating cellular trafficking, the stability of the
mimic in systemic delivery must be explored, given the structural
arrangement of the formulation. PLGA-poly-L-His NPs have moder-
ate bioavailability, and increasing the circulation time using polyeth-
ylene glycol (PEG) in the formulation would improve the retention
after systemic treatment. In addition, miRNA mimics are prone to
enzymatic degradation in systemic circulation. Improved stability
can also result from modifying the backbone of the miRNA mimic.
Phosphorothioate modifications have shown increased longevity of
antisense oligonucleotides in systemic circulation, given their ability
to bind to serum proteins compared with oligonucleotides containing
the phosphodiester backbone.44

In in vivo studies, we have shown that PLGA-poly-L-His NPs
effectively deliver miR-34a mimics to prolong the survival of A549-
Molecul
derived xenograft mice via intratumoral injection. Further, we
increased miR-34a levels in A549 tumors while upregulating the
p53 protein and downregulating the SIRT1 protein, which plays roles
in tumor suppression and regulation of apoptosis, respectively. In the
future, systemic deliverymust be explored to open the doors for trans-
lating this technology to the clinic. With systemic delivery, it would be
possible to target other malignant cancers. It would be interesting
further to understand the kinetics and distribution of miRNAmimics
when delivered systemically to help expand this technology to target
other organs.

Our current results show the potential of PLGA-poly-L-His NPs for
the delivery of miR-34a mimics. miRNA mimic-based therapeutic
research is currently on the rise and should be explored further, as
many miRNA targets are emerging as prime factors in disease onset.
By pinpointing miRNA dysregulation in diseases, we can halt the
aberrant mRNA network that becomes activated, preventing disease
progression.

MATERIALS AND METHODS
Hsa-miR-34a-5p (no. MC11030), hsa-Scr-miR-34a mimic (no.
MC10340) and Lipofectamine (RNAiMax) were commercially pur-
chased from Thermo Fisher Scientific. miR-34a-FITC mimic was
custom designed and purchased from Midland (Midland, TX).
miR-34a-FAM was custom designed and purchased from Integrated
DNA Technologies (Coralville, IA). PLGA(50:50)-ester-terminated
polymer was purchased from Lactel Absorbable Polymers at a 0.39
g/dL viscosity grade. Poly-L-His and organic solvents such as acetone,
DCM, and sucrose were purchased from Sigma-Aldrich (St.
Louis, MO).

Synthesis of PLGA-poly-L-histidine NPs

To formulate miR-34a-loaded NPs, a double emulsion solvent
evaporation technique was used. Acetone and DCM were used
as the organic solvent, containing 60 mg of PLGA and poly-L-
His at a 4.9/0.1 w/w ratio in 750 mL of acetone:DCM (2:1) solution.
miR-34a mimic, dissolved in water (1 mM, 1 nmol/mg), was added
dropwise to the organic phase while vortexing to form a w/o
emulsion. This single emulsion was then sonicated using a probe
sonicator (Sonics VibraCell, Newtown, CT) for 10 s in three
pulses. The single emulsion was added to 1.5 mL of 5% w/v poly-
vinyl alcohol (Sigma-Aldrich, St. Louis, MO) solution to form a
w/o/w double emulsion. The double emulsion was sonicated using
the probe sonicator for 10 s in three pulses. The double emulsion
was added dropwise to 15 mL of 0.3% w/v polyvinyl alcohol solu-
tion while stirring. The suspension was stirred overnight at room
temperature. The nanosuspension was centrifuged using an ultra-
centrifuge (Beckman-Coulter Optima XPN-100) at 20,000 rpm for
20 min cycles and washed with water three times. After the third
cycle, the resulting pellet was resuspended in a 5 mg/mL sucrose
solution at a 1/1 PLGA/sucrose w/w ratio. The NPs were then
lyophilized overnight. Using the same method, Scr-34a mimics
and miR-34a-FITC mimics were loaded into PLGA-poly-L-
His NPs.
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Biophysical characterization of miR-34a NPs

Dynamic light scattering was performed using the Zetasizer Nano ZS
(Malvern Panalytical, Westborough, MA) to measure the hydrody-
namic diameter and the PDI. Zeta potential was evaluated using the
laser Doppler microelectrophoresis technique at 25�C. Each sample
consisted of three measurements, of which the average was taken.

Loading analysis

The loading of miRNA mimics in PLGA-poly-L-His NPs was quan-
tified by solvent extraction. Briefly, 200 mL of DCM was added to
lyophilized miR-34a NPs, followed by shaking at 37�C at 1,000 rpm
for 24 h. After 24 h, 100 mL of sodium acetate buffer (pH 5.8) was
added, and NPs were allowed to shake at 37�C at 1,000 rpm for 1
h. The NP tube was centrifuged at 10,000 rpm for 5 min, and the
aqueous supernatant containing the miRNA mimic was collected in
another Eppendorf tube. The absorbance of the aqueous supernatant
was then measured at 260 nm using Nanodrop One (Thermo Fisher,
Waltham, MA). The loading was then calculated in pmol/mg of NPs
based on the initial amount of 1 nmol/mg NPs. The same procedure
was followed for quantifying the loading of Scr-34a NPs. To measure
the extraction efficiency using this method, we used BL NPs and re-
suspended in DCM containing 150 pmol of miR-34a mimic. After
24 h, sodium acetate was added to extract the miRNA mimic stock
into the aqueous phase. Absorbance at 260 nm was measured, and
the efficiency based on the starting quantity was calculated.

Release kinetics of miR-34a NPs

PBS (300 mL, pH 7.4) was added to miR-34a NPs and vortexed until
NPs were resuspended and shaken at 300 rpm at 37�C for 15 min.
After 15 min, the NPs were centrifuged for 10 min at 15,000 rpm,
and the absorbance of the supernatant was taken at 260 nm using
Nanodrop One (Thermo Fisher Scientific, Waltham, MA). The NPs
were then resuspended in 300 mL of fresh PBS and shaken until the
next time point. This was repeated for each time point thereafter
(1, 2, 4, 6, 8, 12, 24, 48 h). The percentage cumulative release was
plotted against time.

Scanning and transmission electronmicroscopy ofmiR-34aNPs

A small amount (<0.5mg) of lyophilized NPs without cryoprotectant
was placed on a double-sided carbon tape and sputter coated. The im-
ages were taken at 30,000� using the FEI Nova NanoSEM 450 and
quantified using ImageJ. For TEM, lyophilized NPs with sucrose
cryoprotectant were dispersed in water. They were then added to
TEM carbon grids and stained with 1% uranyl acetate for 5 min,
and an FEI Tecnai TEM was used at 80 kV for imaging.

In vitro miRNA mimic integrity assay

miR-34a NPs were resuspended in PBS and shaken at 300 rpm at
37�C for 48 h. The NPs were then centrifuged at 4,000 rpm for
5 min. The absorbance of the supernatant was taken at 260 nm using
Nanodrop One, and the concentration was calculated. The sample
was then diluted to 1 mM and loaded in a 5% PAGE gel, followed
by SYBR Gold staining (Invitrogen, Waltham, MA). The gel was
imaged using the Bio-Rad Gel-Doc imager.
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SAXS experiments were performed using the 16ID-LiX Beamline at
the National Synchrotron Light Source II at Brookhaven National
Laboratory (Upton, NY). The concentration of the samples was
4 mg/mL. The solution was loaded in a sample cell sandwiched by
two mica windows with a gap of �2 mm and with an X-ray energy
of 13.5 keV. The intensity was quantified with respect to the scattering
vector, q defined as 4p

l
sin q

2, where q is the scattering angle, and l is the
wavelength. The data covered a q range from 0.005 to 2.5 Å�1. Jupyter
Notebook was used for the radial averaging and q conversion of
data.45 The background subtraction and transmission correction
were performed to reduce the intensity of the hydrogen bond from
water at �2.0 Å�1. The absolute intensity was derived by comparing
it against the water incoherent scattering intensity Iwater as reported in
the literature.

Cell culture experiments

For cell culture studies, A549 cells (CCL-185; ATCC, Manassas, VA)
were grown in Eagle’s minimum essential medium (EMEM) (30-
2003; ATCC, Manassas, VA) supplemented with fetal bovine serum
albumin (FBS) (30-2020; ATCC, Manassas, VA) and PenStrep
(Gibco, Grand Island, NY) at 37�C and 5% CO2. Cells were grown
in a 10 cm Petri dish and were passaged at 80%–90% confluency. Cells
from passages 1–11 were used for experiments.

Cellular uptake using confocal microscopy

Using a 12-well plate, 150,000 A549 cells were seeded for two treat-
ment groups in triplicate. Cells were treated with BL NPs and miR-
34a-FITC NPs. A 2 mg/mL NP dose was used and treated for 24 h.
The cells were then washed with PBS, fixed with 4% paraformalde-
hyde (PFA) and permeabilized using 0.1% Triton-X. The cells were
then mounted onto microscope slides using Prolong Diamond Anti-
fade Mountant with DAPI (Thermo Fisher Scientific, Waltham, MA)
and imaged using the Nikon A1R microscope at 100�magnification.
For time-dependent cellular uptake analysis, 100,000 cells were
seeded in a 24-well plate and treated with miR-34a-FITC NPs for 2,
4, 8, and 24 h. After the respective time points, the cells were washed
with PBS three times, fixed using 4% PFA and permeabilized using
0.1% Triton-X. The cells were then mounted onto microscope slides
and imaged using the confocal microscope (Nikon A1R).

Cellular uptake using flow cytometry

Using a 12-well plate, 150,000A549 cellswere seeded for four treatment
groups in triplicates. Cells were treated with PBS, BL NPs, and miR-
34a-FITC NPs. A 2 mg/mL NP dose and an equivalent 300 pmol of
miR-34a-FITC were transfected with Lipofectamine using forward
transfection. After 24 h, the cells were washed with PBS, trypsinized,
and then transferred to Eppendorf tubes. The cells were centrifuged
at 2,000 rpm for 4min andwashedwith PBS. Thefinal pellet was resus-
pended in 300 mL of PBS and passed through filtered fluorescence-acti-
vated cell sorting (FACS) tubes. The intracellular FITC signal was
quantified using the LSR Fortessa X-20 cell analyzer and FlowJo. To
investigate the route of endocytosis, endocytosis inhibitors such as
chlorpromazine (10 mg/mL; Sigma-Aldrich, St. Louis, MO), genistein
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(200mM; Sigma-Aldrich, St. Louis,MO), and amiloride (1mM; Sigma-
Aldrich, St. Louis,MO)were used to pre-treatA549 cells. The cells were
pre-treated with the inhibitors for 30 min and then incubated with
miR-34a-FITC NPs (2 mg/mL) for 4 h. Flow cytometry was then per-
formed to quantify cellular uptake. The same experimental setup was
used for imaging the cells using fluorescence microscopy. However,
the cells were treated with miR-34a-FITC NPs for 8 h.

RT-PCR gene expression analysis

A549 cells (200,000) were seeded in a 12-well plate and treated with
Scr-34a NPs and miR-34a NPs at a 2 mg/mL dose. The next day
the cells were trypsinized and centrifuged, and the total RNA was ex-
tracted using a Qiagen RNeasy kit. For miR-34a expression, the
cDNA synthesis kit (Invitrogen) along with RT primer for miR-34a
(4331182; Thermo Fisher, Waltham, MA) and U6 (001973; Thermo
Fisher, Waltham, MA) were used to generate the cDNA. The
cDNA synthesis kit was also used for cDNA synthesis when
measuring p53 levels. The samples were incubated under specified
temperature conditions for the cDNA using a Bio-Rad C1000 Touch
thermal cycler. PCR amplification was done using the TM primers,
RNase-free water, and Universal Mastermix II with UNG (Invitrogen,
Waltham, MA) in the Bio-Rad CFX-Connect Real-Time PCR instru-
ment. Samples were incubated under the specified temperature con-
ditions. Primers for p53 (Hs01034249; Thermo Fisher, Waltham,
MA) and GAPDH (Hs0275889; Thermo Fisher, Waltham, MA)
were used, where GAPDH served as the endogenous control. In
addition, SIRT1 (Hs01009006; Thermo Fisher, Waltham, MA),
MYC (Hs01562521; Thermo Fisher, Waltham, MA), and BCL2
(Hs00153350; Thermo Fisher, Waltham, MA) primers were also
used for gene expression analysis. The amplified PCR product sam-
ples were run on a 1% agarose gel at 120 V for 20 min and stained
with ethidium bromide (Sigma-Aldrich, St. Louis, MO). For Lipofect-
amine-treated groups we used a dose of 300–600 pmol.

Western blot for in vitro study

A549 cells (200,000) were seeded in a 12-well plate and treated with
Scr-34a NPs and miR-34a NPs at a 2 mg/mL NP dose. Cells were
then trypsinized and pelleted down at 2,000 rpm for 4 min. The
proteins were extracted from the cell pellet with 1� RIPA buffer
(Cell Signaling Technology, Danvers, MA) with 1� Protease inhib-
itor (Thermo Fisher, Waltham, MA). The pellets were kept in ice
and vortexed every 10 min, three times, to ensure efficient lysis.
BSA standards were used to measure the concentration of each pro-
tein sample by developing a standard curve based on absorbance.
Twenty micrograms of protein was added into each well of a 4%–

15% Mini-Protean TGX Stain Free 50 mL gel (Bio-Rad, Hercules,
CA). The protein samples were run at 200 V for 40 min and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane at 110 V for
90 min. The proteins on the membrane were blocked using 5%
milk in 1� Tris-buffered saline-Tween (TBST) buffer and shaken
for 1 h. The blots were then washed with 1� TBST buffer and
cut according to the molecular weights of vinculin (124 kDa) and
p53 (53 kDa). For Lipofectamine-treated groups we used a dose
of 300–600 pmol.
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Vinculin was used as the endogenous control. The p53 (1:500) (9282;
Cell Signaling) and Vinculin (1:1,000) (13901S; Cell Signaling Tech-
nology, Danvers, MA) antibodies were added to the specific blots and
shaken overnight at 4�C. The anti-rabbit IgG horseradish peroxidase
(HRP)-linked secondary antibody (7074; Cell Signaling Technology,
Danvers, MA) at 1:2,000 dilution was then added to probe for the pri-
mary antibody. The blots were then submerged in chemilumines-
cence HRP substrate (P90719; Millipore Sigma, St. Louis, MO) and
imaged using a Bio-Rad ChemiDoc Imaging instrument. The band
intensity was quantified using ImageJ software.

Hypoxia cell culture studies

A549 cells were grown in EMEM at 37�C. For baseline p53 level
studies, one 12-well plate was seeded with 200,000 cells (n = 3) and
placed under normoxia conditions. Another 12-well plate was seeded
with 200,000 cells (n = 3) and placed under hypoxia conditions (1%
O2 in nitrogen). After 24 h, the cells were centrifuged down, and pro-
tein extraction was performed on cell pellets for western blot analysis
to measure p53 protein levels. For NP treatment, cells were treated
with either Scr-34a or miR-34a NPs and placed under hypoxia condi-
tions (1% O2 in nitrogen) for 24 h. After 24 h of treatment, proteins
from cell pellets were extracted for western blot analysis to measure
p53 protein levels.

Cell viability: Trypan blue assay

A549 cells (10,000) were seeded in a 96-well plate and were treated
with Scr-34a NPs and miR-34a NPs at a 2 mg/mL dose for 24 h.
The cells were then stained with trypan blue dye (Bio-Rad, Hercules,
CA) and counted using an automated Bio-Rad cell counter.

Cell-cycle arrest assay

Using a 12-well plate, 150,000 A549 cells were seeded for three
treatment groups in triplicates. Cells were treated with BL NPs,
miR-34a-FITC NPs, or PBS at a 2 mg/mL NP dose for 24 h. After
24 h, the cells were washed with PBS, followed by trypsinization,
and then transferred to Eppendorf tubes. The cells were centrifuged
at 2,000 rpm for 4 min and washed with PBS. The final pellet was re-
suspended in 1,000 mL of absolute ethanol and kept at �20�C for
20 min for fixing. The cells were centrifuged at 2,000 rpm for 4 min
to remove ethanol and incubated with PBS for 15min for rehydration.
Finally, the cells were pelleted following centrifugation at 2,000 rpm
for 4 min, stained with 500 mL of FxCycle PI/RNase staining solution
for 45 min, and passed through filtered FACS tubes. The propidium
iodide cellular staining was quantified using the LSR Fortessa X-20
cell analyzer at the phycoerythrin (PE)-Texas red channel and FlowJo.

Cell viability: Clonogenic assay

A549 cells (50,000 cells/well) were seeded in a 24-well plate and were
treated with either miR-34a NPs or Scr-34a NPs at a 2 mg/mL NP
equivalent dose for 24 h. The cells in each well were then counted,
and 100 cells/well were reseeded in a 6-well plate. The cells were
then incubated for 13 days to allow the treated cells to form colonies.
When there were 30–50 cells per colony, the cells were washed with
PBS and fixed with 4% PFA for 10 min. The cells were then washed
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to remove the PFA and stained with 1 mL of 1% w/v crystal violet so-
lution (Sigma-Aldrich, St. Louis, MO) for 24 h. After 24 h, the stained
cells were washed with water until all residual stain was removed, and
the plates were allowed to dry. After drying, each individual colony
was counted.

Annexin-V FACS assay

A549 cells (200,000) were seeded in a 12-well plate and treated with
miR-34a NPs and Scr-34a NPs at a 2 mg/mL NP dose for 24 h. The
cells were trypsinized, centrifuged at 2,000 rpm for 4 min, and then
resuspended in Annexin-V binding buffer. One hundred thousand
cells were taken to be stained with Annexin-V dyes and passed
through the filtered FACS tube. Staining was performed using
7.5 mL of Annexin-V-PE (BD Biosciences, USA) and 7.5 mL of
7-AAD (BD Biosciences, USA). The tubes were kept in the dark for
15 min. The stained cells were then diluted in Annexin-V binding
buffer and quantified using the LSR-Fortessa X-20 instrument.

Annexin-V FITC apoptosis assay

A549 cells (10,000) were seeded in a 96-well plate and treated with
either miR-34a NPs or Scr-34a NPs at a 2 mg/mL NP dose for 24
h. Annexin-V FITC was added to 1� Annexin V binding buffer,
and 100 mL of the diluted stock was added to each well. The plate
was kept in the dark for 15 min and imaged using the Keyence fluo-
rescence microscope at 10� magnification.

In vivo efficacy studies

The in vivo studies were performed at University of Connecticut,
Storrs campus under compliance and approval by the Institutional
Animal Care and Use Committee (IACUC) under protocol
A21-041. Fourteen female NOD-SCID mice (NOD.Cg-Prkdcscid

Il2rgtm1wjl/Szj, strain 00557) at 5 weeks of age were purchased from
The Jackson Laboratory and maintained in a pathogen-free environ-
ment with standard food and water per IACUC guidelines. A549 cells
were expanded for tumor implantation. Eachmouse was injected with
1� 107 cells on both flanks subcutaneously. Tumors were monitored
every 2 days. Once the tumor reached 150 mm3, the mice were
randomly split into three groups (n R 4): PBS, miR-34a NP, and
Scr-34a NP. PBS-treated mice were injected with 80 mL intratumor-
ally, and NP treatment groups were dosed intratumorally with
3 mg NPs in 80 mL of PBS. Based on the prior work and considering
the limit of intratumoral injection volume, we limited the dose of NP
to 3 mg in 80 mL.8 NPs were vortexed and sonicated using a bath son-
icator before intratumoral injections to resuspend the particles. Doses
were given on days 1, 5, 9, and 13. Tumor dimensions were taken daily
to calculate the tumor volume. When the tumors reached a volume of
2,000 mm3, the mice were euthanized, and tumors, heart, lungs, liver,
kidneys, and spleen were harvested. Tumors were dissociated using
dispase (STEMCELL Technologies, Vancouver, BC, Canada) and
collagenase (Worthington Biochemical, NJ). The A549 cells were iso-
lated from mouse cells using a mouse cell depletion kit (Miltenyi
Biotech, CA). Cell pellets were stored at �80�C for further protein
extraction for western blots. The p53 (1:500) (9282; Cell Signaling
Technologies, Danvers, MA) and SIRT1 (1:500) (80-110; Cell
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Signaling Technologies, Danvers, MA) antibodies were used.
GAPDH (1:1,000) (5174S; Cell Signaling Technologies, Danvers,
MA) was used as the endogenous control for SIRT1, and vinculin
(1:1,000) (13901S; Cell Signaling Technologies, Danvers, MA) was
used as the endogenous control for p53. The anti-rabbit IgG HRP-
linked secondary antibody (7074; Cell Signaling Technologies, Dan-
vers, MA) at 1:2,000 dilution was then added to probe for the primary
antibody. Protein blot intensity was quantified using ImageJ software.
Complete blood count (CBC) analysis was done on whole blood sam-
ples using a Sysmex CBC analyzer. Ki-67 staining was performed for
tumor samples, and H&E staining was performed for liver, kidney,
and spleen samples.

For biodistribution studies, tumors were implanted subcutaneously
on the right flank. Once the tumor reached �600 mm3, the mice
were randomly split into three treatment groups (n = 2): PBS, miR-
34a NP 8 h, and miR-34a NP 24 h. NP-treated mice were treated
with miR-34a NPs labeled with FAM fluorophore. After the specified
time, the mice were euthanized, and the tumors, heart, lungs, kidneys,
and spleen were harvested and imaged using SpectrumCT IVIS. Tu-
mors were cryosectioned and imaged using the Keyence microscope
at 40� magnification.
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SAXS MODELS 
Scattering intensity, I(q), of a particulate system can be expressed by the multiplication 
of volumetric concentration, 𝑐!", a contrast factor, ∆𝜌#, form factor P(q) and a structure 
factor S(q) as  

𝐼(𝑞) ∝ 𝑐!" ∙ ∆𝜌# ∙ 𝑃(𝑞) ∙ 𝑆(𝑞) 
In this study, a core-shell spherical model is chosen for the form factor to analyze the 
SAXS data of PLGA:PH and PLGA:PH-miR-34a. The best fitting was performed using 
SasView (https://www.sasview.org/). Due to the low concentration, S(q) is set to be unity. 
 
Core-shell spherical model (form factor):  
The intensity I(q) for the core-shell spherical is given by:  

𝐼(𝑞) =
𝑠𝑐𝑎𝑙𝑒
𝑉 × 𝐹(𝑞)# + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑, 

where 
 

𝐹(𝑞) =
3
𝑉$
?𝑉%(𝜌% − 𝜌$)

𝑠𝑖𝑛(𝑞𝑅%) − 𝑞𝑅%cos	(𝑞𝑅%)
(𝑞𝑅%)&

+ 𝑉$(𝜌$ − 𝜌$'!()
𝑠𝑖𝑛(𝑞𝑅$) − 𝑞𝑅$cos	(𝑞𝑅$)

(𝑞𝑅$)&
G, 

 
where Vs and Vc are the volume of the whole particle and core, respectively. Rs and Rc 
are the radius of particles (radius plus thickness) and core radius, respectively. ρc, ρs, ρsolv 
are the scattering length density of the core, the shell and the solvent, respectively.  
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Figure S1. Nanoparticle characterization of different batches. A) Blank NP hydrodynamic 
size (in nm), polydispersity index (PDI), and surface charge density (in mV). Data is shown as 
mean ± SD for n=3 samples. B) Scr-34a NP hydrodynamic size (in nm), polydispersity index 
(PDI), and surface charge density (in mV). Data is shown as mean ± SD for n=3 samples. C) 
miR-34a NP hydrodynamic size (in nm), polydispersity index (PDI), and surface charge density 
(in mV). Data is shown as mean ± SD for n=3 samples. 
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Figure S2: miRNA mimic extraction efficiency. A) Schematic representing the method used 
to quantify the miRNA mimic in the DCM/sodium acetate buffer mixture. B) miRNA extraction 
efficiency % when starting with 150 picomoles of miR-34a mimic. 
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Figure S3. Comparative cellular uptake of miR-34a-FITC in NPs and lipofectamine in 
A549 cells using confocal microscopy. Cells were treated at an equivalent dose of 300 
picomoles of miR-34a-FAM mimic. Green puncta represent miR-34a-FITC undergoing cellular 
uptake. Blue represents nuclei. The images were taken at 60X and 100X magnification. The 
scale bar represents 50µm and 10µm for 60X and 100X images respectively.  

LipofectamineControl miR-34a NPs
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Figure S4: Route of endocytosis of miR-34a NPs A) Endocytosis of miR-34a NPs using 
confocal microscopy. A549 cells were pre-treated with genistein, amiloride, and 
chlorpromazine (CPZ) for 30min. a 2mg/mL NP dose of miR-34a-FITC NPs was used. Images 
were taken at 40X magnification, and the scale bar represents 50µm. Green puncta represent 
miR-34a-FITC NPs. Blue represents nuclei. B) Endocytosis of miR-34a NPs using flow 
cytometry. Histogram showing cellular uptake when treated with different endocytosis 
inhibitors. FlowJo used for quantification of data. 
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Figure S5. Time-dependent cellular uptake of miR-34a NPs. Cells were treated with 
miR-34a-FITC NPs for 2hr, 4hr, 6hr, and 24hrs. The scale bar represents 50µm. Green 
puncta represent miR-34a-FITC NPs. Blue represents nuclei. 
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Figure S6. Agarose gel of miR-34a PCR amplification. Blot intensities show the relative miR-
34a levels comparing Scr-34a NPs and miR-34a NP treatment. Data is shown for n=3 replicates 
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Figure S7. Functional analysis of A549 cells treated with Lipofectamine-transfected miR-
34a mimic. A) miR-34a expression using RT-PCR when transfected with miR-34a mimic. Data is 
shown as mean ± SD. B) p53 gene expression using RT-PCR when transfected with 600 
picomoles of miR-34a mimic. Data is shown as mean ± SD. C) p53 protein levels when 
transfected with miR-34a mimic. Blot intensities are shown above the blot and were quantified 
using ImageJ software. Unpaired student’s t-test was used to determine statistical significance.   
*, p<0.05. 
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Figure S8. Gene expression of miR-34a direct targets. A) SIRT1 gene expression in 
A549 cells after treated with Scr-34a NPs and miR-34a NPs for 24hrs at a 2mg/ml dose. 
Data is shown as mean ± SD for n=3 samples. B) MYC gene expression in A549 cells after 
treated with Scr-34a NPs and miR-34a NPs for 24hrs at a 2mg/ml dose. Data is shown as 
mean ± SD for n=3 samples. C) BCL2 gene expression in A549 cells after treated with Scr-
34a NPs and miR-34a NPs for 24hrs at a 2mg/ml dose. Data is shown as mean ± SD for 
n=3 samples. Unpaired student’s t-test was used to determine statistical significance. **, 
p<0.01; ***, p<0.001. 
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Figure S9. Western blot analysis of p53 protein from A549 cells treated with Scr-34a 
NPs and miR-34a NPs for 24hrs at a 2mg/mL dose. p53 protein levels are normalized to 
Vinculin levels. Data represent the mean (n=3) ± SD. Protein blots indicate protein intensity 
based on pixels per band, quantified using ImageJ. Unpaired student’s t-test was used to 
determine statistical significance. The n=1 blot is shown in Figure 3E. *, p<0.05. 
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Figure S10. Western blot analysis showing baseline p53 protein levels in hypoxia 
conditions. Data is represented as mean ± SD (n=3) and normalized to p53 protein levels 
in Normoxia conditions. Blot intensities were quantified using ImageJ software based on 
pixels per band. Unpaired student’s t-test was used to determine statistical significance. *, 
p<0.05. 
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Figure S11. Cell cycle arrest assay using propidium iodide staining. Individual 
histograms from flow cytometry analysis to quantify cell cycle changes following treatment 
with miR-34a NPs and BL NPs after 24hrs in A549 cells at a 2mg/mL dose. Cells were 
stained with propidium iodide and histograms were gated to identify cell populations at 
different cell cycle phases. Percentage cell populations in G0-G1, S and G2-M phases were 
plotted. Data represent the mean (n=3) ± SD.  
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Figure S12: Intratumoral biodistribution of miR-34a-FAM NPs in harvested organs. 
The images presented are of the tumor, liver, lung, heart, kidney, and spleen and were 
taken using the Spectrum CT IVIS imager. The mice were treated with miR-34a-FAM NPs 
at a 3mg NP dose for 8hrs and 24hrs. 
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Figure S13. Workflow for in vivo efficacy studies in A549 xenograft mice. Mice were 
treated with PBS, miR-34a NPs, and Scr-34a NPs intratumorally on Day 1, 5, 9, and 13 with 
3mg of NPs. Tumor dimensions were recorded daily to measure volume. After the tumors 
reached 2,000mm3, the tumors were processed and the lungs, heart, spleen, liver, and kidney 
were harvested.  
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Figure S14. H&E staining of liver, kidney and spleen after intratumoral administration of 
PBS, miR-34a NP, and Scr-34a NP. A 3mg NP dose was injected intratumorally. Images 
were taken at 10X magnification. The scale bar represents 100µm. 
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