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Abstract

Hepatocellular carcinoma (HCC) is highly prevalent, and the third most common cause of cancer-

associated deaths worldwide. HCC tumors respond poorly to chemotherapeutic anticancer agents 

due to inherent and acquired drug resistance, and low drug permeability. Targeted drug delivery 

systems with significant improvement in therapeutic efficiency are needed for successful HCC 

therapy. Here, we report the results of a technique optimized for the synthesis and formulation of 

antisense-miRNA-21 and gemcitabine (GEM) co-encapsulated PEGylated-PLGA nanoparticles 

(NPs) and their in vitro therapeutic efficacy in human HCC (Hep3B and HepG2) cells. Water-in-

oil-in-water (w/o/ w) double emulsion method was used to coload antisense-miRNA-21 and GEM 

in PEGylated-PLGA-NPs. The cellular uptake of NPs displayed time dependent increase of NPs 

concentration inside the cells. Cell viability analyses in HCC (Hep3B and HepG2) cells treated 

with antisense-miRNA-21 and GEM co-encapsulated NPs demonstrated a nanoparticle 

concentration dependent decrease in cell proliferation, and the maximum therapeutic efficiency 

was attained in cells treated with nanoparticles co-encapsulated with antisense-miRNA-21 and 

GEM. Flow cytometry analysis showed that control NPs and antisense-miRNA-21-loaded NPs are 

not cytotoxic to both HCC cell lines, whereas treatment with free GEM and GEM-loaded NPs 

resulted in ~9% and ~15% apoptosis, respectively. Cell cycle status analysis of both cell lines 

treated with free GEM or NPs loaded with GEM or antisense-miRNA-21 displayed a significant 

cell cycle arrest at the S-phase. Cellular pathway analysis indicated that Bcl2 expression was 

significantly upregulated in GEM treated cells, and as expected, PTEN expression was noticeably 

upregulated in cells treated with antisense-miRNA-21. In summary, we successfully synthesized 

PEGylated-PLGA nanoparticles co- encapsulated with antisense-miRNA-21 and GEM. These co-

encapsulated nanoparticles revealed increased treatment efficacy in HCC cells, compared to cells 
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treated with either antisense-miRNA-21- or GEM-loaded NPs at equal concentration, indicating 

that down-regulation of endogenous miRNA-21 function can reduce HCC cell viability and 

proliferation in response to GEM treatment.
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INTRODUCTION

The World Health Organization reports that one of the world’s leading causes of death is 

associated with cancer.1,2 Hepatocellular carcinoma (HCC) is the third most common cause 

of cancer-associated deaths worldwide, next to stomach and lung cancers.3–5 HCC is a 

primary malignancy of the liver cells (hepatocytes) that, in most cases, develops due to the 

risk factors such as chronic Hepatitis B and C infection, alcohol abuse, hemochromatosis, or 

exposure to several chemicals.4,5 HCC poorly responds to chemotherapeutics owing to the 

obstacles such as intrinsic and acquired drug resistance and low permeability of drugs.6,7 

Existing treatment approaches involve surgical resection or liver transplantation, but tumor 

recurrence and metastasis remain common problems.8 Improved treatment strategies 

including new chemotherapeutics and superior drug delivery systems are required for 

effective HCC treatment.9,10 Several nanoparticle (NP)-mediated treatment strategies have 

been reported for better delivery of chemotherapeutics to HCC cells.11,12 The advantages of 

NP-mediated drug delivery methods include their ability to modify the pharmacological 

effect, pharmacokinetics, bioavailability, bio-distribution, extended circulation time of drugs, 

and drug targeting to the site of action.13,14

Gemcitabine (GEM; 2′-deoxy-2′,2′-difluorocytidine) is currently used as a 

chemotherapeutic drug for treating several kinds of cancers, including pancreatic cancer,15 

nonsmall cell lung carcinoma, ovarian cancer, and breast cancer.16 GEM is also a promising 

chemotherapeutic agent for treating HCC, when administered either by itself or in 

combination with other chemotherapeutics.17 After intravenous injection of GEM, it 

undergoes rapid enzymatic degradation in systemic circulation and causes various adverse 

effects, including hair loss, fever, fatigue, nausea, and vomiting. Various drug delivery 
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systems have been developed using polymer nanoparticles to overcome adverse effects 

associated with GEM.16,18–24 GEM-loaded poly(lactide)-co-glycolide-block-poly(ethylene 

glycol) (PLGA-b-PEG-NH2) nanoparticles have been prepared by adopting water-in-oil-in-

water (w/o/w) double emulsion method with 35% encapsulation efficiency, demonstrating 

significant cytotoxic effect in MIA PaCa-2 pancreatic cancer cells.18 GEM-loaded chitosan 

NPs prepared using coacervation method developed by Arias et al. produced a substantial 

improvement in antitumor activity against a subcutaneous tumor graft of L1210 mouse 

lymphocytic leukemia cells in mice compared to free gemcitabine treatment.23 A more 

precise drug delivery system is required to increase the delivery of active GEM to tumors 

and to achieve enhanced antitumor effect.

MicroRNAs (miRNAs or miRs) are a family of small noncoding RNAs of 18–24 nucleotides 

endogenously expressed in cells and are involved in the regulation of gene expression in 

cells.16,25–27 MiRNAs trigger translational repression through interactions with the 3′-
untranslated region of mRNA regulating gene expression. These miRNAs play a significant 

role in regulating genes involved in developmental timing. Moreover, several miRNAs have 

been shown to be regulating genes involved in various cellular processes during 

tumorigenesis.28 Numerous research results have indicated that miRNAs expression is 

dysregulated in human HCC.29–31 The overexpression of some miRNAs promotes cancer 

development by stimulating growth signaling of cancer cells; these miRNAs are called 

oncomiRs.16 Acquisition of drug resistance or chemotherapy resistance is another common 

problem in HCC patients, and altered expression of miRNAs has been shown to increase 

drug resistance in cisplatin treated HCC.32 These results indicate that regulating the function 

of oncomiRs that are overexpressed in cancer or miRNAs responsible for drug resistance can 

improve cancer therapy. Targeting miRs is a promising new method in the development of a 

novel class of anticancer therapeutics. Small chemically modified antisense 

oligonucleotides, complementary to the mature miRs sequences, are developed for blocking 

the function of endogenous miRs, called miR inhibitors or anti-miRs or antisense-miRs.33,34 

Anti-miRs prevent miRNA activity by irreversibly binding to the target miRNAs. 

MiRNA-21 is one of the first miRNAs identified in mammalian cells, termed as oncomiR, 

which has been connected with a wide variety of cancers, including HCC.35–37 MiR-21 up-

regulation promoted HCC cell proliferation through repression of mitogen-activated protein 

kinase 3, favoring angiogenesis and invasion and reducing cell death.37,38 MiR-21 inhibition 

in HCC cell lines increased the expression of PTEN (phosphatase and tensin homologue) 

tumor suppressor protein, decreasing the cell proliferation, migration, and invasion.36 

Unfortunately, the synthetic naked anti-miRs are unstable in a nuclease rich serum and 

plasma environment.39 Effective shielding agents are required for the delivery of these 

nucleic acids in vivo. Numerous delivery methods have been developed to protect nucleic 

acids from degradation.16,39–43

PLGA is a biocompatible and biodegradable copolymer that has been the most attractive and 

effective polymeric drug delivery carrier reported for clinical applications.44,45 

Biodegradable PLGA-b-PEG NPs or PEGylated PLGA NPs have been widely studied for 

the purpose of anticancer drug delivery.16,40 PEGylation of the PLGA has been shown to 

improve the NP’s circulation time in vivo and tumor uptake through the enhanced 

permeability and retention (EPR) effect.39,46 Furthermore, PEGylation protects NPs from 
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the immune recognition and increases bioavailability.16 PEGylated PLGA NPs composed of 

a hydrophobic PLGA core and encircled by a hydrophilic PEG layer are one of the best-

controlled release systems for targeted drug delivery.47

To the best of our knowledge, combinational treatment of HCC by antisense-miRNA-21 and 

GEM NPs has not been previously reported. Here, we report the synthesis of PEGylated-

PLGA NPs co-encapsulated with antisense-miRNA-21 and GEM and their antiproliferative 

and cytotoxic effects in HCC (Hep3B and HepG2) cell lines.

RESULTS AND DISCUSSION

Synthesis and Characterization of PEGylated-PLGA NPs Co-encapsulated with Antisense-
miRNA-21 and GEM

Owing to the highly hydrophilic nature of antisense-miRNA-21 and GEM, we have 

formulated PEGylated-PLGA NPs loaded with antisense-miRNA-21 and GEM using the w/ 

o/w double emulsion method (Figure 1a). We developed an optimal procedure to load a 

higher concentration GEM using dimethyl sulfoxide (DMSO) as a cosolvent to dissolve 

GEM with PLGA-b-PEG copolymer (PLGA, MW 7000–17000; PEG, MW 3400) and 

hydrophobic Span 80, and hydrophilic poly(vinyl alcohol) (PVA) as NP stabilizers for the 

first and second emulsions, respectively. We used spermidine as a counterion for 

encapsulating antisense-miRNA-21.39 Hydrodynamic sizes of NPs determined using 

dynamic light scattering (DLS) were in the range of 150–230 nm (Figure 1b). The size and 

morphology of NPs were further confirmed by transmission electron microscopy (TEM) and 

displayed uniform spherical shape with sizes in the range of 100–200 nm (Figure 1c).

Identification of Optimal Method To Co-load Anti-sense-miRNA-21 and GEM in PEGylated-
PLGA NPs

After experimenting with several formulations, we optimized GEM loading in PEGylated-

PLGA- NPs by employing the w/o/w method using 1% Span 80 and 1% PVA as stabilizers 

(Table 1). We were able to achieve only 20–24% encapsulation efficiency (ee) using a 

previously described double emulsion method (Table 1, entry 1).39 We assumed that lower 

ee that resulted from a previously described procedure may be due to the leakage of water-

soluble GEM into the aqueous layer. Hence, we decided to use a cosolvent method by 

dissolving GEM in DMSO and premixing it with PLGA-b-PEG copolymer in 

dichloromethane. The ee slightly increased (24–31%) when DMSO was utilized as a 

cosolvent (Table 1, entries 2 and 3). We also tried a emulsion-diffusion evaporation 

method41 and achieved only 27% ee (Table 1, entry 4). Changing the surfactant to 2% PVA 

for the first emulsion and 1% PVA for the second emulsion resulted in 28% ee (Table 1, 

entry 5). However, the higher ee (42%) was achieved using 1% Span 80 for the first 

emulsion and 1% PVA for the second emulsion (Table 1, entry 6). Substituting for water as 

GEM solvent, instead of utilizing the cosolvent method, resulted in only 24% ee (Table 1, 

entry 7). These results signify the importance of premixing GEM with PLGA-b-PEG 

polymer. The best GEM encapsulation method (Table 1, entry 6) for loading antisense-

miRNA-21 resulted in 66% ee of antisense-miRNA-21 (Table 1, entry 8), which is close to 

the optimal ee for loading antisense-miRNA-21.39 Coloading of antisense-miRNA-21 and 
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GEM resulted in 64% and 40% ee for antisense-miRNA-21 and GEM, respectively (Table 1, 

entry 9).

For cell culture studies, we used the identified optimal methods shown in Table 1 for making 

different NPs (GEM, entry 6; antisense-miRNA-21, entry 8; coloading, entry 9). We 

prepared control NPs, antisense-miRNA-21, and GEM individually loaded, as well as co-

encapsulated NPs, and characterized for their hydrodynamic size, polydispersity index 

(PDI), and ζ potential (Table 2, entries 1–4). These NPs possessed hydrodynamic sizes 

between 195 and 215 nm, with 0.140–0.190 PDI and ζ potential of −14 to −23 mV. Control 

NPs and GEM-loaded NPs had a ζ potential of around −15 mV (Table 2, entries 1 and 2). As 

anticipated, ζ potential was increased to −23 mV when NPs were co-encapsulated with 10 

nmol of antisense-miRNA-21 (Table 2, entry 3), owing to the highly anionic nature of 

antisense-miRNAs. However, ζ potential decreased to −19 mV when they were loaded with 

5 nmol of antisense-miRNA-21 (Table 2, entry 4). This result indicates that ζ potential 

varies with the concentrations of microRNA loaded in NPs.

In Vitro Drug Release Studies of PEGylated-PLGA NPs Loaded with GEM

Slow and sustained release properties of drug delivery agents are essential for minimizing 

the negative side effects of anticancer drugs. Hydrophobic PLGA degrades slowly through 

hydrolysis of its ester bonds in water, while releasing encapsulated drugs and its monomers 

lactic acid and glycolic acid inside the cells.16 In our previous study we have shown that 

antisense-miRNA-21 and antisense-miRNA-10b co-encapsulated in PEGylated-PLGA NPs 

displayed significant stability for more than a week, even in cell culture medium.39 In this 

study after optimizing the GEM loading into NPs, we performed in vitro drug release studies 

(Figure 2). We have collected released GEM over time and cumulatively calculated the GEM 

percentage. These GEM-loaded NPs showed an initial burst release of 19% and 41% at pH 

5.0 and 10% and 29% at pH 7.0 measured after 4 and 24 h, respectively. Subsequently, GEM 

was released in a sustained manner with 57% and 39% release after 48 h, 64% and 50% 

after 72 h, and 73% and 56% after 96 h at pH 5.0 and pH 7.0, respectively. At the later time 

points, a smaller amount of GEM was released gradually with 83% and 67% release after 7 

days at pH 5.0 and pH 7.0, respectively. These results demonstrated a higher release of GEM 

from NPs at pH 5.0, compared to pH 7.0 (Figure 2). Khaira et al. reported that GEM loaded 

in starch NPs showed fast drug release properties with nearly 60% burst release of GEM 

after 10 h and 80% in 24 h.48 However, GEM loaded in PLGA NPs prepared with Pluronic 

F68 surfactant displayed an initial burst release (40%), followed by slow and sustained 

release (80%) up to 96 h at pH 7.4.20 The PEGylated-PLGA-NPs formulated by us with a 

combination of hydrophobic surfactant Span 80 and hydrophilic surfactant PVA slowly 

released GEM over time in a sustained manner for up to 83% in 7 days (Figure 2). This 

result indicates the usefulness of PEGylated-PLGA-NPs for anticancer drug delivery to 

show a sustained therapeutic effect. In addition, slow and sustained release of GEM from 

PEGylated-PLGA-NPs provides the optimal condition to release active GEM over time by 

avoiding its enzymatic degradation inside the cells and also by decreasing negative side 

effects, which further highlights the need of lower doses of GEM administration for clinical 

patient care.
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Cell Uptake Studies of Cy5-Conjugated Antisense-miRNA-21 and GEM Co-encapsulated 
NPs in Hep3B Cells

Antisense-miRNA-21 with 10% Cy5-conjugated anti-sense-miRNA-21 and GEM coloaded 

NPs was used to track the cellular uptake and to monitor the intracellular delivery of the NPs 

in Hep3B cells. We used confocal fluorescent microscopy and fluorescence-activated cell 

sorting (FACS) analysis to measure uptake at different time points (Figure 3). The 

microscopic images revealed time dependent increase in uptake of NPs. The NPs cellular 

entry was detected 1 h after initial treatment, with ring formation over the surface of the 

cells. NPs entered cell cytoplasm after 2–4 h, indicated by the reduced Cy5 NPs ring 

intensity. The intracellular uptake of NPs increased over time at 6–8 h, and a large 

percentage of NPs was detected inside the cells at 24 h (Figure 3a). Similarly, quantitative 

FACS analysis of cells treated at the same concentration of NPs assessed over time revealed 

a significant level of Cy5-conjugated antisense-miRNA-21-loaded PEGylated-PLGA NPs 

uptake (measured by Cy5 fluorescence) 1 h after initial treatment compared to untreated 

cells (negative control), and increased over time (Figure 3b).

Antiproliferative Effect of Free GEM, GEM NPs, Antisense-miRNA-21 NPs, and Antisense-
miRNA-21-GEM Co-encapsulated NPs in HCC (Hep3B and HepG2) Cells

Antiproliferative effects of GEM have been predominantly studied in pancreatic cancer 

cells.21,49,50 However, in 2008 Matsumoto et al. reported an antiproliferative effect of free 

GEM in both Hep3B and HepG2 cells and found a dose and time dependent cell growth 

arrest when applied at increasing doses between100 nM and 1 mM.51 We studied the 

antiproliferative effect of antisense-miRNA-21- and GEM-loaded NPs in HCC cells. Hep3B 

and HepG2 cells were seeded in 96-well cell culture plates (10000 cells/well in 100 µL of 

DMEM containing 2% FBS) and the cells were further incubated for 24 h. The next day, 

cells were treated with free GEM, GEM NPs, antisense-miRNA-21 NPs, and antisense-

miRNA-21 and GEM co-encapsulated PEGylated-PLGA-NPs, as well as with control NPs 

at several concentrations, and were further incubated for different time points (24–72 h) at 

37 °C in 5% CO2. After each time point, the cells were assessed by MTT assay. Results 

indicated that both HCC cell lines exhibited dose dependent (10 nM to 1 µM) reduction in 

cell viability with respect to GEM after 24–72 h post-treatments (Figure 4). Antisense-

miRNA-21 and GEM co-encapsulated NPs treated cells exhibited lower cell viability 

compared to free GEM and GEM NPs treated cells in a dose dependent manner, in both cell 

lines, at 24 and 48 h of treatment (p < 0.01 antisense-miRNA-21-GEM NPs vs free GEM 

and GEM NPs at 1 µM; Figure 4); as anticipated, control NPs did not result in any 

considerable toxicity. Interestingly, antisense-miRNA-21-loaded NPs produced a significant 

antiproliferative effect in both cell lines (p < 0.01, antisense-miRNA-21 NPs vs control NPs 

at 1 µM; Figure 4). However, NPs loaded with antisense-miRNA-21 alone did not cause any 

cell death, as revealed by FACS analysis (Figure 5). This indicates that at lower 

concentrations antisense-miRNA-21 acts as a cytostatic rather than a cytotoxic agent. 

Overall, our results suggest that co-delivery of antisense-miRNA-21 and GEM increased the 

therapeutic efficacy against HCC cells. The peak plasma concentration of GEM reported in 

pancreatic cancer patients is 100 µM.51 Our dose studies suggest that lower concentrations 

of antisense-miRNA-21 and GEM inhibit HCC cell proliferation. This indicates that our 
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therapeutic approach is more efficient for further in vivo studies, including those intended 

for applications in humans.

Cytotoxicity Evaluation of Antisense-miRNA-21- and GEM-Loaded NPs in HCC Cells

After successfully examining the antiproliferative effect of antisense-miRNA-21-GEM NPs, 

we further studied cytotoxicity of antisense-miRNA-21- and GEM-loaded NPs in HCC cells 

and analyzed the NPs’ cytotoxicity by flow cytometry. Hep3B and HepG2 cells were seeded 

in 12-well tissue culture plates (50000 cells/well, in 1 mL of DMEM containing 10% FBS in 

each well) and incubated for 24 h. The next day, cells were washed with PBS and 

supplemented with fresh medium (DMEM/2% FBS). Subsequently, cells were treated with 

control NPs, free GEM, GEM NPs, antisense-miRNA-21 NPs, or antisense-miRNA-21–

GEM co-encapsulated NPs (GEM, 3 µM; antisense-miRNA-21, 15 nM) and further 

incubated for 48 h at 37 °C in 5% CO2. The cells were then collected and analyzed for 

treatment induced cell death and cell cycle status, after staining with propidium iodide (PI) 

by flow cytometry. We used logarithmic scale to analyze the live and dead cell populations 

and a linear scale to assess cell cycle status (Figure 5a,b, Table 3, and Supporting 

Information Figure S1). Results indicated that antisense-miRNA-21-loaded NPs and control 

NPs were not cytotoxic, as indicated by the absence of an apoptotic cell population in both 

cell lines (Figure 5a,b and Table 3). However, apoptotic populations were observed in free 

GEM and GEM NPs treated cells. Free GEM, GEM NPs, and antisense-miRNA-21–GEM-

loaded NPs treatments resulted in 9%, 12%, and 14% and 15%, 10%, 14% apoptotic cells, 

respectively, in Hep3B and HepG2 cells. (Figure 5a,b and Table 3). Cell cycle status analysis 

of both HCC cell lines indicated that untreated control cells and control NPs treated cells 

displayed similar results. Whereas, a significant increase in the G0/G1 phase with a 

concomitant decrease in the G2/M phase, and a very high level reduction in S phase cells 

was observed in cells treated with free GEM and GEM NPs, antisense-miRNA-21 NPs, and 

antisense-miRNA-21–GEM co-encapsulated NPs. A reduction in S phase cells indicated that 

cell growth was arrested due to treatment. Especially, antisense-miRNA-21-loaded NPs 

treated cells showed a decrease in S phase cells with a slight increase in the G0-G1 phase, 

but not the G2-M phase, compared to untreated control cells (Supporting Information Figure 

S1, Figure 5a,b, and Table 3). This indicates that antisense-miRNA-21 alone can arrest 

growth of HCC cells but is not cytotoxic. Also, FACS results demonstrated that both HCC 

(Hep3B and HepG2) cell lines showed similar trends in response to antisense-miRNA–GEM 

combination treatment (Figure 5a,b and Table 3). They also suggest that GEM inhibits the 

growth of both HCC cell lines at lower doses compared to higher doses reported in previous 

studies.51 Our results are consistent with previous reports, where a significant level of cell 

cycle arrest was observed in Hep3B cells at the G0/G1 phase after the GEM treatment.51

We have also tested the cell proliferation and the cellular entry of NPs in HCC cells by phase 

contrast and fluorescent microscopic imaging techniques. The microscopic images of Hep3B 

cells demonstrated a clear decrease in the concentration of cells when cells were treated with 

free GEM, GEM NPs, antisense-miRNA-21 NPs, and antisense-miRNA-21–GEM (10% 

Cy5-conjuagted antisense-miRNA-21) co-encapsulated NPs in comparison to untreated and 

control NPs (Figure 6). Moreover, antisense-miRNA–21-GEM (10% Cy5-conjuagted 

antisense-miRNA-21) co-encapsulated NPs treated cells showed a substantial collection of 
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Cy5-antisense-miRNA-21 NPs inside the cells, as imaged by fluorescent microscope (Figure 

6vi,viii).

Immunoblot Analysis of Cells Treated with Antisense-miRNA-21- and GEM-Loaded 
Nanoparticles in HCC Cells

We also assessed the target proteins expression in HCC cells treated with antisense-

miRNA-21 NPs (15 nM), free GEM (3 µM), antisense-miRNA-21 (15 nM), and GEM (3 

µM) individually and co-encapsulated in NPs to further examine the pathways associated 

with the cytotoxic and antiproliferative effects (Figure 7 and Figure 8). The cells were 

incubated with NPs for 48 h, and the performed immunoblot analysis using antibodies 

detected PTEN, apoptotic protein B-cell lymphoma 2 (Bcl2), and Bcl2-associated X protein 

(BAX) (Figure 7). Results showed an increase in Bcl2 protein expression in both Hep3B and 

HepG2 cells treated with GEM-loaded NPs and free GEM, compared to control nanoparticle 

treated cells (Figure 7a,b). In contrast, a decrease in BAX protein expression was noticed in 

cells treated with GEM-loaded NPs and free GEM, compared to control nanoparticle treated 

cells (Figure 7a,b). However, a low level of BAX was found in cells at both treatment 

conditions, compared to Bcl2. The cells treated with nanoparticles loaded only with 

antisense-miRNA-21 displayed no effect on both Bcl2 and BAX expression levels, whereas 

NPs loaded with antisense-miRNA-21 by itself or in combination with antisense-

miRNA-21–GEM treated cells displayed an increase in miRNA-21 target proteins 

expression (PTEN), compared to untreated cells (Figure 7a,b). In contrast, antisense-

miRNA-21–GEM co-encapsulated NPs showed substantial up-regulation of Bcl2 expression 

in treated cells, indicating that cotreatment with GEM can up-regulate Bcl2 expression even 

in the presence of antisense-miRNA-21. PTEN is a prospective target of miRNA-21; hence, 

inhibition of miRNA-21 function in cells showed an increased expression of PTEN in HCC 

cells.36 Furthermore, our results demonstrate that inhibiting miRNA-21 with antisense-

miRNA-21 increased PTEN expression in both HCC cell lines used for the study.

CONCLUSION

In conclusion, in this study we have developed an optimal formulation procedure for making 

PEGylated-PLGA-NPs co-encapsulated with antisense-miRNA-21 and GEM. Cell viability 

analysis demonstrated that antisense-miRNA-21 and GEM co-encapsulated NPs can 

improve treatment efficiency in HCC cells in comparison to NPs treated with equal 

concentrations of individually loaded antisense-miRNA-21 and GEM NPs. In addition, the 

delivery antisense-miRNA-21 effectively blocked endogenous miRNA-21 function and 

increased the level of target protein PTEN expression in cells. These results indicate that 

down-regulation of endogenous miRNA-21 function with antisense-miRNA-21 can reduce 

HCC cell proliferation by up-regulating miRNA-21 target proteins levels (Figure 8).
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EXPERIMENTAL SECTION

Materials

All chemicals and reagents used in this study were purchased from standard commercial 

suppliers unless otherwise noted. The complete list of materials are given in the Supporting 

Information.

Methods

PLGA-b-PEG-COOH Co-polymer Synthesis—PLGA–PEG copolymer was 

synthesized using the procedure described in our previous work.41 In brief, to a solution of 

PLGA (MW 7000–17000) in dry dichloromethane (CH2Cl2), EDC and NHS were added 

and the reaction was continued for 4 h at room temperature (RT). The reaction mixture was 

poured into cold MeOH/Et2O) (1:1). The precipitated PLGA-NHS was centrifuged; 

supernatant was decanted, and the precipitate was dried under vacuum. The dried PLGA-

NHS ester was solubilized in dry chloroform and mixed with heterobifunctional NH2–PEG–

COOH (MW 3400) and diisopropylethylamine. The reaction was continued at RT for 24 h, 

and the reaction mixture was poured into cold MeOH/Et2O (1:1), washed twice, and dried 

under vacuum, which afforded the PLGA-b-PEG-COOH (yield, 74%; characterized by 1H 

NMR and MALDI-TOF).

Formulation and Characterization of PEGylated-PLGA-NPs Loaded with 
Antisense-miRNA-21 and GEM—The syntheses of PEGylated-PLGA-NPs loaded with 

the antisense-miRNA-21 and GEM were optimized using the procedure described in our 

previous work with some modifications.41 We used our optimized cosolvent w/ o/w method 

for making NPs and for studying various cell cultures. Antisense-miRNA-21 (0.5 nmol of 

Cy5-conjugated antisense-miRNA-21 + 4.5 nmol of antisense-miRNA-21) was mixed with 

spermidine (N/P ratio, 15:1) in DNase/RNAase free water (0.3 mL). A 10 mg amount of 

PLGA-b-PEG copolymer and 1% SPAN 80 (w/v) were dissolved in 1 mL of 

dichloromethane. GEM (0.5 mg) in 0.1 mL of DMSO was added to the above organic 

solution and mixed until the solution became clear and homogeneous. Then, spermidine-

antisense-miRNA-21 complex was added to the above organic solution dropwise with slight 

stirring and sonicated at 40% amplitude for 60 s in an ice bath using a sonic dismembrator, 

which resulted in the formation of a first emulsion. The first emulsion was then added 

dropwise to 5 mL of 1% PVA (w/v) in autoclaved double distilled water with slight stirring 

and sonicated at 40% amplitude for 60 s in an ice bath, resulting in the formation of a 

secondary emulsion. It was then stirred for 3 h at RT, in order to vaporize the organic solvent 

and to strengthen the NPs. The strengthened NPs were sterilized by filtration (Whatman, 

0.45 µm Puradisc 25 syringe filter, PES, sterile) and centrifuged by Amicon Ultra-15 

centrifugal filter units (100000 DA, MWCO) and washed three times with DNase/RNase-

free water. The NPs assessed for their size using DLS and loaded GEM and antisense-

miRNA-21 concentrations using spectroscopy and gel electrophoresis were used for further 

studies. The control NPs and GEM-loaded NPs were formulated using a similar protocol 

with the elimination of the antisense-miRNA-21-spermidine step.
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In Vitro Drug Release Studies—GEM release studies from PEGylated-PLGA-NPs were 

carried out at pH 5.0 and pH 7.0 in a dialysis setting. GEM encapsulated NPs were placed 

into the dialysis cassettes (cellulose membrane, MW cutoff 10000 kDa) and allowed to 

immerse in a beaker containing acidified water (pH of the water was adjusted to 5.0 using 

0.1 N HCl) and ultrapure water (pH 7.0), in 37 °C incubator. At predetermined time 

intervals, a known volume of sample was collected from the outside solution chamber and 

replaced with an equal volume of fresh respective pH adjusted water. All the collected 

samples were concentrated and measured for GEM concentration by the UV absorbance at 

268 nm using an Agilent Cary 60 UV–vis spectrophotometer.

Drug-Loaded NP Dose Dependent Therapeutic Analysis in Cells by MTT Assay
—To study cell proliferation and viability in response to the dose of antisense-miRNA-21- 

and GEM-loaded NP treatment, Hep3B and HepG2 (10000 cells/well) cells were plated in 

phenol red free DMEM containing 2% FBS in 96-well tissue culture plates (100 µL/well) 

and incubated for 24 h at 37 °C and 5% CO2. After 24 h, the cells were treated with free 

GEM and various NPs at several concentrations, in triplicates for each concentration, for 24, 

48, and 72 h at 37 °C and 5% CO2. Cell viability was measured by following a standard 

procedure (Life Technologies, Carlsbad, CA, USA). In brief, 12 mM MTT stock solution in 

phenol red free media was added after aspirating the medium. After 3 h of incubation, 

medium was carefully removed and 50 µL of DMSO was added to dissolve the 

metabolically reduced MTT derived formazan crystals by incubating the plate at 37 °C for 

20 min. The absorbance (abs) was measured using microplate-reader at 540 nm. The relative 

cell viability in different treatment conditions was estimated and compared to control cells.

Apoptosis Analysis by Flow Cytometry—After treatment with various NPs, live and 

dead HCC (Hep3B and HepG2) cells were collected by trypsinization. The cells were fixed 

in 70% ethanol and stored at −20 °C. For flow cytometry measurements, ethanol was 

removed after centrifugation; the pelleted cells were washed with PBS and stained with PI 

(15 nM) containing RNase A (1 µg/mL) by incubating for 15 min. The PI stained cells was 

measured for dead or apoptotic cells by FACS, and the data were analyzed using FlowJo 

software.

Cellular Uptake Studies of Cy5-Conjugated Antisense-miRNA-21 and GEM Co-
encapsulated NPs by Confocal Microscopy and FACS Analysis—To examine 

cellular uptake, Hep3B cells were grown on glass coverslips in 6-well plates for 24 h and 

were incubated with Cy5-conjugated antisense-miRNA-21 and GEM co-encapsulated NPs 

for 1 to 24 h at 37 °C and 5% CO2 by adding NPs at each time point. After incubation, cells 

were fixed in 4% PFA in PBS for 15 min, washed in PBS, blocked in 1% BSA/PBS for 1 h, 

permeabilized with 100% methanol for 20 min, and counterstained in 3 µM DAPI for 2 min, 

rinsed in PBS, mounted on glass slides, and imaged with a Leica SP2 AOBS confocal 

microscope. Similarly, to examine cellular uptake of NPs quantitatively by flow cytometry, 

Hep3B cells grown in 12-well culture plates for 24 h were incubated with Cy5-conjugated 

antisense-miRNA-21 and GEM co-encapsulated NPs for different time periods (1–24 h) at 

37 °C with 5% CO2. The cells were collected after incubation for different time points and 
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used for FACS analysis. The cell pellets were suspended in 0.3 mL of PBS and analyzed by 

flow cytometry by counting 10000 events, and the data were analyzed by FlowJo software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and characterization of PEGylated-PLGA-NPs: (a) Formulation of gemcitabine 

and antisense-miRNA-21 co-encapsulated PEGylated-PLGA-NPs; (b) hydrodynamic 

particle size of NPs prepared by w/o/w double emulsion method by dynamic light scattering 

(DLS); (c) TEM images of PEGylated-PLGA-NPs.

Devulapally et al. Page 14

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
In vitro GEM release studies of GEM-loaded PEGylated-PLGA-NPs for 7 days.

Devulapally et al. Page 15

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Time dependent cellular uptake of gemcitabine and antisense-miRNA-21 co-encapsulated 

PEGylated-PLGA-NPs in Hep3B cells. (a) Confocal microscopic images (red, Cy5-

fluorescence from co-encapsulated Cy5-antisense-miRNA-21; blue, DAPI nuclear stain). (b) 

FACS analysis of Cy5-antisense-miRNA-21 co-encapsulated NPs treated Hep3B cells.
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Figure 4. 
Cell viability evaluations of HCC cells after treatment with free GEM, GEM/antisense-

miRNA-21, individually, and co-encapsulated in PEGylated-PLGA-NPs by MTT assay: 

Dose response in Hep3B (a) and HepG2 (b) cells treated with free GEM, GEM-loaded NPs, 

antisense-miRNA-21-loaded NPs, and GEM-antisense-miRNA-21 co-encapsulated NPs by 

MTT assay [24 h, (*) p < 0.01 control NPs vs GEM NPs, and (**) p < 0.01 control NPs vs 

GEM-antisense-miRNA-21 NPs at 1 µM; 48 h, (†) p < 0.01 control NPs vs GEM NPs at 1 

µM, and (††) p < 0.01 GEM-antisense-miRNA-21 NPs vs free GEM at 1 µM; 72 h, (‡) p < 
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0.01 GEM-antisense-miRNA-21 NPs vs free GEM at 1 µM, and (‡‡) p < 0.01 control NPs 

vs GEM NPs at 1 µM].
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Figure 5. 
Flow cytometry (FACS) analysis of HEP3B (a) and HepG2 (b) cells treated with free GEM, 

GEM NPs, antisense-miRNA-21 NPs, and GEM-antisense-miRNA-21 NPs.
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Figure 6. 
Fluorescent microscopic images of Hep3B cells which are treated with GEM and antisense-

miRNA-21-loaded NPs for 72 h (i−v, vii); cell density of Hep3B cells by bright field 

imaging (vi, viii); Cy5-fluorescent signal from Hep3B cells.
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Figure 7. 
Immunoblot analysis of Hep3B (a) and HepG2 (b) cells treated with free GEM and GEM 

and antisense-miRNA-21 individually and co-encapsulated NPs. (a, b) Optical 

chemiluminescence images showing Bcl2, PTEN, BAX, and GAPDH proteins stained with 

respective antibodies and imaged by optical CCD camera.
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Figure 8. 
Schematic illustrations of cellular mechanisms that regulate gemcitabine- and antisense-

miRNA-21-mediated cell cycle arrest and apoptosis.
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Table 1

Optimization of Antisense-miRNA-21 and Gemcitabine Loading in PEGylated-PLGA NPs

S no. method
surfactant for
emulsification gemcitabine solvent

mean size
(nm)a PDIa ζ potentiala

encapsulation efficiency
gemcitabine/antisense-miRNA-21 (%)

1 w/o/w 3% Span 80,
1% Tween 80

water 148.4 0.163 −20.4 20.4/−

2 w/o/w 1% PVA DCM/DMSO
(10:1)

195.5 0.082 −8.6 24.4/−

3 w/o/w 1% Span 80, 1% 
PVA

DCM/DMSO
(10:1)

230.8 0.242 −10.9 31.2/−

4 EDE 2% PVA DCM/DMSO
(10:1)

170.4 0.320 −7.5 27.4/−

5 w/o/w 2% PVA, 1% 
PVA

DCM/DMSO
(10:1)

189.9 0.206 −9.4 28/−

6 w/o/w 1% Span 80, 1% 
PVA

DCM/DMSO
(10:1)

204.9 0.155 −14.7 42/−

7 w/o/w 1% Span 80, 1% 
PVA

water 232.6 0.191 −12.9 24.0/−

8 w/o/w 1% Span 80, 1% 
PVA

DCM/DMSO
(10:1)

215.1 0.189 −22.6 −/68.3

9 w/o/w 1% Span 80, 1% 
PVA

DCM/DMSO
(10:1)

224.9 0.145 −18.8 40/64.2

a
Note: average of three DLS measurements.
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