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Aim: Few targeted therapies are available for triple-negative breast cancer (TNBC) patients. Here, we

propose a novel alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) (L-PLGA) nanoparticle drug deliv-

ery system to improve the efficacy of targeted therapies.Materials & methods: L-PLGA nanoparticles (NPs)

loadedwith theMEK1/2 inhibitor GDC-0623 were characterized, tested in vitro onMDA-MB-231 TNBC cell

line and compared with loaded PLGA NPs. Results: Loaded L-PLGA NPs were less than half the size of PLGA

NPs, had slower drug release and improved the efficacy of GDC-0623 when tested in vitro. We demon-

strated that GDC-0623 reversed epithelial-to-mesenchymal transition in TNBC. Conclusion: Our findings

indicate that L-PLGA NPs are superior to PLGA NPs in delivering GDC-0623 to cancer cells for improved

efficacy in vitro.
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It is estimated that one in eight women in the USA will develop invasive breast cancer throughout the course

of their lives while more than 40,000 women die from it annually [1]. Of all breast cancers, 10–15% will be

triple-negative breast cancer (TNBC), lacking the estrogen, progesterone and human EGF receptor (HER). TNBC

is associated with a worse prognosis than hormone receptor-positive breast cancers, particularly in the first 5 years

after diagnosis [2]. Hormone receptor positive and HER2 (HER2/neu) amplified cancers have a mechanism for

intervention where targeted therapies can bind the receptors in an antagonistic manner that prevent the activation of

proliferation and survival pathways in the cancer cells [3]. TNBC lacks both estrogen receptor and HER2, resulting

in no available target for therapy. Patients with TNBC also typically have a higher grade of disease and often

experience an early pattern of recurrence [4]. Because TNBCs lack drug-targetable estrogen receptors and HER2, it

usually necessitates adjuvant therapy, such as chemotherapy [4]. Chemotherapy often induces co-morbidities such as

peripheral neuropathy, febrile neutropenia and cardiovascular disease [5–7]. The morbidity that occurs with systemic

cytotoxic chemotherapy [8], coupled with the physical and emotional pain from mastectomy, leaves much to be

desired in the way we currently treat TNBC; it creates a need for the development of new targeted therapies and

better drug delivery methods. Unlike radiation and chemotherapies, targeted therapies can selectively act on cancer

cells while sparing normal tissues and having minimal cytotoxic effects [9]. These therapies can work on specific

molecular targets or they can be designed to only interact with a selected target. Examples of these therapies include

hormone therapies, signal transduction inhibitors, gene expression modulators, apoptosis inducers, angiogenesis

inhibitors, immunotherapies and toxin delivery molecules [10–12].

One such targeted cancer therapy is the MEK1/2 inhibitor GDC-0623, which was used in Phase I of clinical

trials in patients with advanced solid tumors [13]. MEK is part of the RAS-RAF-MEK-MAPK/ERK signaling

cascade (Figure 1) and it is responsible for activating ERK1/2 through phosphorylation [14]. In this pathway, RAS

initiates growth-factor-mediated signal transduction across the cell membrane by assembling transient signaling

complexes that induce transcription, which alters cell morphology, migration, cell survival, proliferation and even

senescence [15]. In human tumors, roughly 20% have mutations that activate RAS genes, making RAS a prime target

for intervention. However, development of a successful inhibitor of RAS has thus eluded researchers [16,17]. GDC-

0623 is a promising inhibitor in the RAS-RAF-MEK-MAPK/ERK signaling cascade by targeting of MEK1/2

through phosphorylation inhibition of ERK1/2 [18]. In breast cancer, metastatic risk and drug resistance increases

with activation of the RAS-RAF-MEK-MAPK/ERK signaling cascade [19,20]. Also, a more metastatic phenotype,

which is associated with more aggressive and deadly breast cancer subtypes, has been correlated with increased

expression of the RAS isoform, KRAS [21]. Although GDC-0623 was well tolerated and showed dose-proportional

and time-dependent pharmacokinetic characteristics in a Phase I trial, there was no accumulation at steady-state

following daily oral dosing because of its short half-life of 4–6 h [13]. Using a drug-delivery system to slowly release

GDC-0623 could help to overcome its short half-life.

Unfortunately, failure in Phase I occurs with many experimental compounds, including targeted therapies, and

only 10% of compounds in Phase I are likely to gain the US FDA approval [22]. Failure may be due to poor

water solubility, low retention time in blood circulation, inability to selectively target tumor cells and lack of

tissue penetration [23]. Targeted therapies may have poor efficacy when the target of the drug is internal and

the drug molecule is not readily taken up by the cell [24]. Nanoparticle drug-delivery systems (NPDDS) can be

used to overcome these hurdles by allowing for controlled release of drugs that can be varied depending on the

characteristics of system, active targeting by attaching ligands to the particle, passive targeting through enhanced

permeation and retention effects, and overcoming pharmacokinetic limitations associated with conventional drug

formulations [25–28]. NPDDS deliver their chemical payloads to the tumor with the goal of mitigating the effects of

the cancer-fighting agents on the rest of the body [29]. Drug delivery to the tumor can be achieved by passive and

active targeting; however, active targeting cannot be achieved without the passive phenomenon of the enhanced

permeability and retention (EPR) effect [30]. Passive targeting takes advantage of the development of new, leaky

vasculature that tumor growth induces in response to the increased metabolic demand of the growing tumor [31].

Nanoparticles (NPs) in the range of 20 to 200 nm can exit the leaky vasculature from the blood stream into the

tumor and accumulate inside the interstitial space [29]. Once inside the tumor, these NPs are retained there because

the poorly formed vasculature is inefficient at removing them, thus producing the EPR effect [32,33]. EPR allows

NPs to localize in the tumor and then release their chemical payload. The NPs may be taken up by the cells,

depending on the characteristics of the NPs, where they can release their chemical payload directly into the cells [34].
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Figure 1. Transcriptional targets of MEK. EMT genes

CDH1, FRA1, VEGF and VIM are under transcriptional

control of ERK1/2. GDC-0623 inhibits phosphorylation of

ERK1/2, which leads to upregulation of CDH1 and

downregulation of FRA1, VEGF and VIM.

Despite the advantages of NPs, there can still be issues with their cell uptake. Lignin is a biopolymer found in

plant cell walls that has been shown to improve NPDDS uptake when conjugated to another compound [35,36].

In one such example, a polymeric NPDDS was improved when alkaline lignin (AL) was conjugated to folic

acid-polyethylene glycol (FA-PEG) polymer and loaded with the targeted cancer therapy hydroxyl camptothecin

(HCPT) to form FA-PEG-AL/HCPT NPs [36]. HCPT is a DNA topoisomerase I inhibitor [37]. When FA-PEG-

AL/HCPT particles were compared with free HCPT, the particles demonstrated a sevenfold increase in blood

circulation time and fivefold increase in cellular uptake [36].

To address the issue of poor pharmacokinetics of GDC-0623, we propose using a novel AL-graft-poly(lactic-

co-glycolic acid) (L-PLGA) NPDDS loaded with GDC-0623. The goal of the L-PLGA NPDDS is to slow the

release of the drug and to enhance NP uptake by cells for an increased local drug concentration inside the cells and

improved activity in TNBC.

Materials & methods

Dichloromethane (DCM), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), ethyl acetate, ethyl ether,

acetonitrile (ACN), oxalyl chloride and tetramethylrhodamine isothiocyanate (TRITC), 12,000–14,000 MW mem-

brane, 12–14 kDa dialysis tubing, Dulbecco’s modified Eagle’s medium, HyClone Cosmic Calf Serum, Gibco Min-

imum Essential Medium amino acids (MEM AA), Gibco MEM nonessential amino acids (NEAA), Gibco sodium

pyruvate, Gibco antibiotic–antimycotic, 96-well Corning Costar tissue culture plastic plates, Corning 10-cm tissue

culture-treated dishes, Corning T25 tissue culture-coated flask, mammalian protein extraction reagent (M-PER),

protease inhibitor, phosphatase inhibitor, Invitrogen Bolt 4 1
2
% Bis-Tris Plus electrophoresis gels, 10% formalin

solution were obtained from Thermo Fisher Scientific (MA, USA). PLGA (50:50, 38–54 kDa), trifluoroacetic

acid (TFA), N-Boc-ethylenediamine, 1-(bis[dimethylamino]methylene)-1H-1,2,3-triazolo(4,5-b)pyridinium 3-

oxid hexafluorophosphate, recombinant human insulin were obtained from Sigma-Aldrich (MO, USA). AL

was obtained from TCI chemicals. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was obtained from

Avanti Polar Lipids (AL, USA). Primary antibodies used p44/42 MAPK (ERK1/2) and phosphor-p44/42 MAPK

(ERK1/2) were obtained from Cell Signaling Technology (MA, USA). Secondary antibodies IR-tagged were ob-

tained from LiCor Biosciences (NE, USA). Qiagen RNeasy Kit were obtained from Qiagen (Hilden, Germany).

qScript cDNA SuperMix and PerfeCTa SYBR R© Green SuperMix were obtained from Quantabio (UT, USA). 1.5

Coverglass bottom cell-imaging dishes were obtained from MatTek Corporation (MA, USA). All chemicals were

reagent grade.
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Synthesis of lignin-PLGA biopolymer

The synthesis involves two steps based on PLGA acylation. The first step was the PLGA chlorination performed

in a three-neck 500-ml round-bottom flask under mild stirring. The reaction was under nitrogen gas bubbler

connected to a wash bottle with sodium hydroxide solution to trap hydrogen chloride formed during synthesis.

The dissolution of 1 g of PLGA in 20 ml of DCM was performed at room temperature under mild stirring for

20 min. An excess of oxalyl chloride (5 eq.) was slowly added to PLGA solution with further addition of DMF.

The solution was cooled down to 4◦C during addition. The reaction was completed at room temperature in 4 h.

Finally, the polymer was precipitated and washed with ethyl ether twice. The modified PLGA polymer was vacuum

dried overnight.

The second step performed allowed attachment of the activated PLGA to AL at a mass ratio of AL to PLGA of

1:2 w/w. Dry lignin (500 mg) was dissolved in 20 ml of DMSO at room temperature under mild mixing. Next,

1 g of PLGA-Cl was dissolved in 20 ml of DMSO, and it was slowly added to the lignin solution. The reaction

was performed at room temperature and stopped after 24 h. The biopolymer lignin-PLGA was washed three-times

with cold water and ether to remove the unreacted lignin. The biopolymer was dried under high vacuum overnight.

The synthesized L-PLGA biopolymer was stored at -20◦C for further characterization and NPs synthesis.

Synthesis of TRITC-labeled PLGA & lignin-PLGA

PLGA-TRITC and L-PLGA-TRITC fluorescent NPs were synthesized for the NP uptake study. All other particles

were synthesized for the in vitro drug studies. Conjugation of TRITC to PLGA was performed by dissolving 2 g of

PLGA in 30 ml of DCM at room temperature and further addition of 104 mg of 1-(bis[dimethylamino]methylene)-

1H-1,2,3-triazolo(4,5-b)pyridinium 3-oxid hexafluorophosphate, 46.8 mg of N-Boc-ethylenediamine and 0.4 ml

of N,N-diisopropylethylamine. After 12 h of stirring at room temperature, the reaction was stopped by the addition

of 150 ml of distilled water. Next, precipitation of the polymer was performed by addition of 200 ml of ethanol

to obtain a white solid. The washing protocol was repeated twice, and the solids were dried under high vacuum

overnight. The deprotection step was performed with 1 g of solids by resuspending the intermediate product in

20 ml of DCM with further addition of 20 ml of TFA (1:1 DMC:TFA v/v). After 35 min at room temperature

under mild stirring, the reaction was stopped by precipitation in ethyl ether (200 ml). The activated polymer

(PLGA-amine) was dried under high vacuum overnight.

The final step was the conjugation of PLGA-amine to TRITC. The dissolution of PLGA-amine polymer

(1000 mg) in 30 ml of DCM and 0.075 ml of triethylamine was performed at room temperature. After 15 min

of mixing at room temperature, 25 mg of TRITC was added. The reaction was carried out overnight at room

temperature. Finally, the organic phase was washed with water five-times in a separation funnel. The PLGA-TRITC

polymer was precipitated out by adding ethanol (150 ml) to obtain and dark pink solid. The solids were dried

under high vacuum for 2 days and stored at -20◦C for further use in NPs synthesis [38].

For TRITC-L-PLGA synthesis, 1 g of L-PLGA was dissolved in 30 ml of DCM and 20 mg of TRITC was

added. The reaction was performed at room temperature for 24 h. Finally, the TRITC-L-PLGA was precipitated

in ethyl ether following the same protocol described for TRITC-PLGA.

PLGA, PLGA-GDC & PLGA-TRITC NP synthesis

PLGA NPs as a control, PLGA NPs with GDC-0623 entrapped (PLGA-GDC NPs) and PLGA NPs with TRITC

covalently attached (PLGA-TRITC NPs) for visualization of cellular uptake were synthesized by emulsion evapora-

tion technique. In general, 300-mg PLGA polymer (for PLGA-TRITC NPs, a 1:1 mass ratio with PLGA was used)

was dissolved in 6 ml of ethyl acetate. When required, 12 mg of the drug GDC-0623 was added in the organic

phase with an organic phase of 25% acetone and 75% ethyl acetate. The aqueous phase was prepared by dissolving

270 mg of Tween 80 in 60 ml of deionized (DI) water. The organic phase was poured in the aqueous phase

under stirring. The emulsion obtained was run through a microfluidizer (Microfluidics, MA, USA) four-times at

30,000 psi. Next, a rotary evaporator (Buchi Corporation, DE, USA) was used to evaporate the solvent under

vacuum. After the evaporation, the volume was adjusted by adding 6.5 ml of 2% w/v polyvinyl alcohol (PVA)

and stirred for 20 min. Finally, trehalose was added (1–1 mass ratio) to freeze dry (Labconco, MO, USA) the NP

samples for 2 days. The lyophilized samples were stored at 4◦C.
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L-PLGA, L-PLGA-GDC & L-PLGA-TRITC NP synthesis

The L-PLGA NPs as a control, alkaline-lignin-conjugated PLGA NPs with GDC-0623 entrapped (L-PLGA-GDC

NPs) and alkaline-lignin-conjugated PLGA NPs with TRITC covalently attached L-PLGA-TRITC NPs) were

synthesized by emulsion evaporation technique. Briefly, 400 mg of L-PLGA polymer was dissolved in 6 ml of ethyl

acetate. The GDC-0623 drug (14 mg) loaded L-PLGA NPs were added in the organic phase. The organic phase

for the synthesis of fluorescent NPs used a mass ratio of 1:3 (PLGA-TRITC to L-PLGA polymers). The mixtures

were mixed for 30 min at room temperature. The organic phase for L-PLGA-GDC NPs was formed the same as

PLGA-GDC NPs described above. The aqueous phase for all L-PLGA NPs was 60 ml of low resistivity water. The

aqueous and organic phases were combined and run through the microfluidizer (Microfluidics) as described above.

The solvent was evaporated with a rotavapor (Buchi Corporation) for 1 h at 35◦C. Finally, 450 mg of trehalose

was mixed into the aqueous suspension and freeze dried with a 2.5-l FreeZone (Labconco). The lyophilized NPs

were stored at 4◦C for further characterization.

NP size measurements

The synthesized NPs were characterized by measuring size, polydispersity index (size distribution) and ζ potential

with dynamic light scattering (DLS) technique using a Malvern Zetasizer Nano ZS (Malvern Instrument Ltd,

Worcestershire, UK). Samples were measured after resuspension in DI water.

NP morphology

The transmission electron microscopy (TEM) pictures were taken with a JEOL JEM 1400 (Jeol USA Inc., MA,

USA). First, the polymeric NPs were resuspended in DI water at a final concentration of 2 mg/ml. A sample droplet

was mixed with uracil acetate (2%; contrast agent) and placed on a carbon grid. The excess was removed from the

carbon grid and let dried for 15 min at room temperature before the grid was placed in the TEM.

NP stability

L-PLGA NPs were resuspended in 1× phosphate-buffered saline (PBS; pH 7.4) at a concentration of 1 mg/ml and

incubated at 37◦C while shaking. Samples were collected at 0, 8, 24, 48, 72, 96 and 120 h. NPs were characterized

by measuring size and ζ potential with DLS technique using a Malvern Zetasizer Nano ZS (Malvern Instrument

Ltd).

Quantification of GDC-0623 by HPLC

The detection and quantification of GDC-0623 was performed by HPLC Agilent 1200 (Agilent, CA, USA).

The column was Zorbax Eclipse XDB C-18 (3 × 150 mm, 3.5 µm). ACN and water were used with a gradient

mobile-phase elution. The gradient was as follow: the flow was 5% ACN from 0 to 20 min, from 20 to 21 min it

was increased to 80% ACN, from 21 to 26 min it was increased to 95% ACN and from 26 to 27 min, the ACN

was decreased to 5%. The injection volume was 10 µl with a flow rate of 1 ml/min. The DAD signal was set at

260 and 280 nm. The elution time was 10.3 min for GDC-0623.

Entrapment efficiency

Entrapment efficiency (EE) was determined by HPLC. A known mass of GDC-0623-loaded particles was dissolved

in ACN and analyzed by HPLC. The following equation (Equation 1) was used to determine EE:

EE =
mass of drug in NPs

mass of initial drug
× 100 (Eq. 1)

Quartz crystal microbalance with dissipation

The interaction of PLGA and L-PLGA NPs with DPPC-supported lipid bilayers (SLBs) was studied using a

quartz crystal microbalance with dissipation monitoring (QCM-D; Q-sense E4, Biolin Scientific, Sweden) in a

PBS solution (pH of 7.4) at 20◦C. The changes in resonance frequency (�f ) and energy dissipation (�D) of the

sensor were recorded with time over the processes of creating a SLB, flowing NPs over the bilayer and rinsing the

bilayer, as described below. The lipid bilayer was developed on an oxidized gold QCM-D substrate (Nanoscience

Instruments, AZ, USA) by solvent-assisted lipid bilayer formation, as described by Tabaei et al. [39]. PBS solution

was flowed through the QCM-D cell for 5 min, followed by isopropanol for 15 min, all at a flowrate of 30 ml/h.

future science group 10.2217/nnm-2020-0010
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Then, a DPPC lipid solution in isopropanol (1.5 mg/ml) was passed over the sensor for 60 min. Lastly, the sensor

was washed with PBS again, resulting in the rearrangement of the lipid adsorbed on the sensor into a SLB [40–42].

In the next step of the experiment, suspensions of PLGA and L-PLGA NPs in PBS at two different concentrations

(0.1 and 1 mg/ml) were passed over the lipid bilayer at a flowrate of 24 ml/h. Prior to suspending the NPs in PBS,

dialysis using a 12,000–14,000 MW membrane was employed to remove trehalose from the lyophilized particles.

After flowing NPs suspension over the SLB on the QCM sensor, the surface was rinsed with PBS for 75 min to

remove particles unattached to the surface. The mass of lipid bilayer per area (�m/A) was measured from the

change in frequency (�f ) of the sensor using the Sauerbrey equation (Equation 2), which assumes that the layer is

thin and rigid, and has previously been used before to determine the mass of the lipid bilayers formed on QCM

sensors [41,43,44]:

�m

A
=

c� f

nr
(Eq. 2)

where C is the material specific Sauerbrey constant (17.7 ng cm-2 Hz-1), and n is the overtone number at which

the frequency is being measured [45]. The magnitude of the overtone is inversely proportional to the distance

from the surface being probed; the third overtone is measuring mass changes further from the surface than the

seventh overtone [46]. Here, we report �f and �D at the third overtone (n = 3), a standard practice in the QCM

literature [42,47]. In pure water, the depth of penetration is approximately 145 nm for the third overtone [43,48].

The thickness of a hydrated phospholipid bilayer is approximately 8 nm (much less than the penetration depth;

d/λ3 = 0.055), so the Sauerbrey equation is expected to be valid [43,49].

Release profile of GDC-0623 from PLGA & L-PLGA NP

PLGA NPs and L-PLGA NPs with entrapped drug were resuspended in 1× PBS at a concentration of 9.8 and

5.9 mg/ml, respectively. The resuspended NPs were dialyzed with 1× PBS while shaking at 37◦C. Dialysis tubing

was 12–14 kDa. Samples were collected from inside the dialysis bags at specified time points over 48 h. The PBS

was changed twice daily. Samples collected were dissolved in ACN and analyzed using HPLC.

Cell culture

Breast cancer cell line MDA-MB-231 was generously donated by the Burow Lab at Tulane University School of

Medicine. Cells were maintained in 5% CO2 at 37◦C and cultured with Dulbecco’s modified Eagle’s medium

supplemented with 10% Hyclone Cosmic Calf Serum, 50 ng/ml insulin and 1% MEM AA, MEM NEAA, sodium

pyruvate and antibiotic–antimycotic.

Cell survival assay

MDA-MB-231 breast cancer cell line was seeded at a density of 5 × 103 cells per well in cell culture medium on

96-well Corning Costar tissue culture plastic plates. After 24 h in culture, cells were treated with vehicle control

(DMSO), PLGA NPs (negative control), L-PLGA NPs (negative control), free GDC-0623 (positive control),

PLGA-GDC NPs and L-PLGA-GDC NPs. Cells were treated with 100 and 10 nM doses of GDC in either free

on NP entrapped form. After treatment, cells were cultured for 5 days and then stained with crystal violet. Crystal

violet was eluted with 33% acetic acid and absorbance was measured at 570 nm using a BioTek Cytation 3 plate

reader (BioTek Instruments Inc., VT, USA). The experiment was carried out with internal replicates n = 3 and

biological replicates of n = 3.

Western blot

MDA-MB-231 breast cancer cells were seeded at a density of 2 × 106 cells per 10-cm tissue culture-treated dish.

After 24 h, cells were treated with DMSO (vehicle), free GDC-0623, PLGA-GDC NPs or L-PLGA-GDC NPs.

Cells were treated with a 1-nM dose of GDC in either free or NP entrapped form and cultured for 24 h. All samples

were washed with PBS and collected on ice for total protein extraction. Protein was extracted with lysis cocktail of

m-PER supplemented with protease inhibitor (0.1%), and phosphatase inhibitor (0.1%). Total protein was loaded

for all samples. Samples were prepared for electrophoresis and run at 150 V on Invitrogen Bolt 4 1
2
% Bis-Tris

Plus electrophoresis gels per manufacturer’s specifications. Protein was transferred to iBlot 2 Transfer Stack using

Invitrogen iBlot 2 Gel Transfer Device (Thermo Fisher Scientific, MA, USA) per manufacturer’s specifications.

10.2217/nnm-2020-0010 Nanomedicine (Lond.) (Epub ahead of print) future science group
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Samples were blocked in 3% milk for 1 h. Primary antibodies used p44/42 MAPK (ERK1/2) and phosphor-

p44/42 MAPK (ERK1/2) were diluted 1:1000 and secondary antibodies IR-tagged were diluted 1:10,000 in 5%

BSA-TBST. Western blots were analyzed using LiCor Odyssey Infrared Imaging System. Biological replicates were

n = 3.

Cell morphology

Cells were seeded and treated in the same manner as the cell survival assay. After staining with crystal violet, the

cells were imaged at 20x using Nikon Eclipse Ti2.

Quantitative RT-PCR

MDA-MB-231 cells were seeded on Corning T25 flasks at a density of 500,000 cells per flask in culture medium.

After 24 h in culture, cells were treated with vehicle (DMSO), 1 nM free GDC-0623 (positive control), PLGA-

GDC NPs and L-PLGA-GDC NPs and collected at 24 h post-treatment. Total RNA was isolated from cell using

Qiagen RNeasy Kit. 1 µg total RNA was used to generate cDNA with the qScript cDNA SuperMix cDNA synthesis

kit as per manufacturer’s protocol. Gene expression analysis was run with PerfeCTa SYBR R© Green SuperMix. Total

gene expression analysis was done through the ��Ct (fold expression) method. Data were normalized to PPIB

housekeeping gene with biological triplicates ± SEM, n = 3.

Cellular uptake of PLGA & L-PLGA NP

MDA-MB-231 breast cancer cells were seeded on 35 mm, 1.5 coverglass bottom, cell imaging dishes. Cells were

seeded at a density of 45 × 103 cells/dish and cultured for 24 h. TRITC NPs were applied to cells at 0.1 mg/ml

concentration for 3 h. Cells were washed three-times with PBS, fixed with 10% paraformaldehyde (PFA) and stained

with 4′,6-diamidino-2-phenylindole (DAPI) according to manufacturers’ protocol and imaged with Nikon Eclipse

Ti2 with NIS Elements AR software (Nikon Inc., NY, USA). 2 × 2 binning was used to increase signal-to-noise

ratio of TRITC signal.

TRITC NP standard curve to quantify cellular uptake

To quantify the uptake of TRITC NPs by the cancer cells, standard curves for the TRITC NPs were generated.

PLGA-TRITC and L-PLGA-TRITC NPs were resuspended in 1× PBS at a concentration of 1 mg/ml to make

stock solutions. The stock solutions were used to make serial dilutions ranging from 0.5 to 0.01 mg/ml. Samples

of the dilutions were loaded in triplicate into 96-well plates. Fluorescence was measured at 553/627 nm using

a BioTek Cytation 3 plate reader (BioTek Instruments Inc.). Excel was used to generate the standard curve of

fluorescence intensity at known concentrations.

NP uptake analyzed by flow cytometry

MDA-MB-231 breast cancer cells were seeded in T25 cell culture flasks at a density of 5 × 105 cells per flask.

After 24 h, they were either untreated (control) or treated with 0.1 mg/ml TRITC NPs for 0.5, 1.5 and 3 h. Cells

were collected using EDTA in PBS, fixed with 10% formalin and stored in PBS. Samples were analyzed using a

FACS Aria Fusion cell sorter (Becton-Dickinson, NJ, USA). The mean fluorescence intensity of 10,000 events was

measured per sample. The autofluorescence of the control was subtracted from the other samples and equations

from the standard curves were used to calculate the mean concentration of NPs in the cells.

Results

NP characterization

The goals of this study were to compare the efficacy of entrapped the MEK1/2 inhibitor GDC-0623 to free GDC-

0623 and to compare L-PLGA NPDDS to PLGA NPDDS. PLGA is an established biomaterial for NPDDSs,

PLGA NPs were used as a benchmark for the L-PLGA-based NPs. Three types of particles containing either PLGA

or L-PLGA were synthesized and characterized: TRITC-conjugated fluorescent NPs (for uptake study), empty

NPs (negative control) and NPs with entrapped drug. The NPs were characterized in terms of average diameter,

polydispersity index, zeta potential (ζ) and drug EE (Table 1). All three versions of PLGA-based NPs had similar

characteristics (201–223 nm in diameter and ζ of -30 to -38 mV). Overall, the L-PLGA-based NPs were much

smaller than the PLGA-based NPs. The EE of GDC-0623 in PLGA NPs was slightly higher than L-PLGA NPs at

74 and 67%, respectively. The L-PLGA-based NPs were not all similar; L-PLGA-TRITC yielded much larger NPs

future science group 10.2217/nnm-2020-0010
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Table 1. Nanoparticle characterization.

NP Diameter (nm) PDI � potential (mV) EE (%) TRITC (�g/mg NPs)

PLGA-TRITC 222 ± 2 0.088 ± 0.014 -36.6 ± 1.4 n/a 0.56 ± 0.011

L-PLGA-TRITC 169 ± 16 0.206 ± 0.018 -70.1 ± 2.0 n/a 0.20 ± 0.004

PLGA 223 ± 1 0.044 ± 0.004 -30.4 ± 0.1 n/a n/a

L-PLGA 92 ± 3.7 0.089 ± 0.014 -52.0 ± 3.3 n/a n/a

PLGA-GDC 201 ± 2.5 0.109 ± 0.017 -37.6 ± 0.9 74 ± 1.4 n/a

L-PLGA-GDC 78 ± 4 0.091 ± 0.014 -48.1 ± 3.2 67 ± 2.3 n/a

EE: Entrapment efficiency: L-PLGA-GDC: Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) GDC-0623; n/a: Not applicable; NP: Nanoparticle; PDI: Polydispersity index; TRITC: Tetram-

ethylrhodamine isothiocyanate.
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Figure 2. Lignin improves nanoparticle size and delays release of GDC-0623. (A) Transmission electron microscopy images of PLGA and

lignin-conjugated PLGA with and without entrapped MEK inhibitor GDC-0623. Scale bar is 1000 nm. (B) Schematic of L-PLGA NP with

hydrophobic core and hydrophilic shell. (C) Release profile of GDC-0623 from PLGA and L-PLGA NPs quantified with HPLC. Experiment

was carried out in triplicate. (D) Size and ζ potential stability of L-PLGA in physiological conditions over 5 days. Error bars represent

standard deviation.

L-PLGA NP: Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticle.

(169 ± 16 nm) than L-PLGA (92 ± 3.7 nm) and L-PLGA-GDC NPs (78 ± 4 nm). The L-PLGA-TRITC NPs

also had a much more negative ζ (-70.1 ± 2.0 mV relative to -52.0 ± 3.3 mV for L-PLGA NPs).

Illustrated in Figure 2 is the size and drug-release differences between PLGA and L-PLGA NPs. The size of the

empty NPs (-drug) is similar to that of the loaded particles (+drug), while it is clear that the PLGA and PLGA-GDC
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NPs (223 ± 1, 201 ± 2.5 nm) are much larger than the L-PLGA and L-PLGA-GDC NPs (92 ± 3.7, 78 ± 4 nm)

(Figure 2A). The surfactant layer surrounding the PLGA-based NPs that prevents them from agglomerating is

visible in the TEM images (Figure 2A). L-PLGA NPs also have a core–shell structure (Figure 2B). The hydrophilic

moieties of lignin polymer assemble on the surface of the particle where they interact with the water forming the

shell. The hydrophobic PLGA forms the core of the particles. When loaded with GDC-0623, both delivery systems

exhibit a burst release initially followed by a more sustained release (Figure 2C). However, the L-PLGA NPs have

a slower release; PLGA-GDC NPs and L-PLGA-GDC NPs released nearly all of the drug around 32 and 48 h,

respectively. When tested for stability at physiological conditions, the L-PLGA NPs remained stable in size and

zeta potential over 5 days (Figure 2D). There was a slight reduction in average particle size from 86.1 ± 20.4 nm

at t = 0 h to 73.0 ± 1.8 nm at t = 120 h. The ζ potential changed slightly from -26.3 ± 2.9 to -24.7 ± 1.4 mV

over 120 h.

QCM-D measurements of SLBs interactions with NPs

Adherence of NPs to cell membranes is an initial step in the process leading to NP uptake or toxicity [50,51].

Synthetic phospholipid bilayers, such as those comprising DPPC, in the form of solution-based vesicles or lipid

bilayers on a solid support are frequently used as model cell membranes to interpret the interactions of cells with

surfaces [52,53]. By forming a bilayer directly on a coated quartz crystal sensor, QCM-D has been used to investigate

the adherence and uptake of NPs to SLBs [54], the structural rearrangement of NPs adsorbed to the SLBs [55], and

the disruption of bilayers by NPs [56–58]. Here, the potential interactions of the cells with PLGA and L-PLGA NPs

are inferred from the NP’s ability to adhere to or to disrupt the SLBs on QCM gold sensors.

As interpreted from the Sauerbrey equation (Equation 2), the mass of the bilayer formed on a sensor is proportional

to the decrease in an oscillating crystal’s resonance frequency (�f ) [41,43,44]. The QCM-D response of the energy

dissipation (�D) describes the variation in the viscoelasticity or rigidity of the film coated on the surface [57]. High

values of dissipation are the result of deformation of a soft film, whereas low dissipation describes films that are

nondeformable and rigid. In relation to SLBs, an increase in dissipation indicates the loosening or thickening of

the lipid bilayer [46,59]. In the presence of NPs, an increase in dissipation suggests that the particles have adhered to

the bilayer, leading to hydrodynamic effects that increase dissipation loss with the surrounding medium [60].

In Figure 3, we illustrate the typical frequency and dissipation profiles during the synthesis of an SLB using the

solvent-assisted lipid bilayer formation method [61]. The time axis in Figure 3 progresses from flowing PBS over the

sensor, then isopropanol, followed by a DPPC-isopropanol solution and finally back to PBS. It is this final step that

allows the lipids adsorbed to the sensor to rearrange into a bilayer [39], as indicated by a sharp increase in frequency

and a decrease in dissipation. The mass of the SLB formed on the sensor was measured from the frequency change

between the initial PBS baseline (t = 5 min) and the baseline in PBS after SLB formation (t = 150 min) using the

Sauerbrey equation (Equation 2). The lipid bilayer mass for all SLBs in this work was above 350 ng/cm2, which

is consistent with the reported mass for a lipid bilayer that is rigid and strongly coupled to the sensor [42,62,63].

Representative changes in frequency and dissipation are reported following the injection of PLGA and L-PLGA

NPs (0.1 and 1 mg/ml) into the QCM cell containing the SLB (Figure 4). In these figures, NP injection begins at

time zero and the corresponding value of �f is set to zero for the fully formed bilayer. The change in frequency due

to NP interactions is normalized by the absolute value of the frequency of the corresponding bilayer to account

for the variation in the mass of bilayer formed by the SLB method. A common type of NP-bilayer interaction,

adherence of the NPs to the SLBs, is suggested by the decreasing frequency (increasing mass; Figure 4A & C)

and increasing dissipation (decreasing adsorbed layer rigidity; Figure 4B & D) over the timeframe (75 min) that

L-PLGA is flowed into the QCM cell. At low particle concentration, rinsing with PBS appears to remove some

adhered NPs (decreasing the mass). In contrast, the NPs deposited from the more concentrated solution appear to

rearrange on the film surface during rinsing, resulting in a more hydrated film.

The PLGA NP-bilayer interactions, as interpreted from QCM-D, are distinctly different from those of L-PLGA.

Upon injection of the PLGA NPs at both concentrations (0.1 mg and 1 mg/ml), a decrease in frequency (suggesting

adherence of the NPs to the bilayer) followed by an increase in frequency (suggestion removal of NPs and/or bilayer

mass) is observed (Figure 4A). At the higher NP concentration, the final �f indicates that the particles disrupted

and removed some of the model cell membrane. At low NP concentrations, the accumulation of more mass in

the bilayer coupled with the presence of a minimum in frequency suggests that mass loss due to particles and/or

bilayer removal occurs later in the injection. At both NP concentrations, with exposure of the bilayer to PLGA

NPs, the dissipation increases and then stays constant upon rinsing, which suggests that the PLGA NPs form a less
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indicate the injection of PBS, isopropanol (‘i-PrOH’), lipid mixture (1.5 mg/ml DPPC lipid in isopropanol, ‘DPPC’) and

finally PBS.

DPPC: 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine; PBS: Phosphate-buffered saline.

rigid structure when adsorbed to the lipid membrane or in the process of removing it (Figure 4A & B). Both the

kinetics of adsorption of NPs and their ability to disrupt SLBs are a strong function of concentration [47,56–58], with

faster adherence to lipid bilayers and disruption occurring at higher NP concentrations. In particular, a critical NP

concentration may be required to observe disruption and removal of the lipid bilayer by QCM-D [58]. These results

suggest a concentration of 1 mg/ml of PLGA NPs is above the critical NP concentration for bilayer disruption.

While the L-PLGA NPs adhered to the model cell membranes, PLGA NPs caused membrane disruption and

removal. The distinctly different behaviors of PLGA NPs and L-PLGA NPs with SLBs may be related to the

difference in their size as well as surface properties. Larger polymeric NPs are more likely to be engulfed by a

bilayer than smaller NPs, leading to mass loss and membrane disruption upon removal [57]. Thus, the smaller

size of L-PLGA NPs (92 ± 3.7 nm) compared with PLGA (223 ± 1 nm) would favor their penetration into the

lipid bilayer rather than disruption [64,65]. Similarly, the effect of functionalized PLGA NPs size on their uptake by

Caco-2 cells, a human colon adenocarcinoma cell line, is observed to be 1.3-fold greater for 100 nm NPs compared

with 500-nm particles, and about 1.8-fold greater compared with 1000-nm particles [64]. Additionally, the surface

chemistry of the polymeric NPs may play a role in the nature of their interaction with the lipid membranes.

L-PLGA NPs are stabilized by surface AL, whereas PLGA NPs are stabilized by the addition of PVA, which may

impact interactions with lipid bilayers [66].
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Figure 4. Quartz crystal microbalance with dissipation monitoring measurements of nanoparticle interactions with

mimetic cell membranes. (A) Change in frequency and (B) change in dissipation with the introduction of PLGA

nanoparticles (NPs) at 0.1 mg/ml (blue) and 1 mg/ml (red) on supported 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC) lipid bilayers on a gold Quartz crystal microbalance sensor. (C) Change in frequency and (D) change in

dissipation with the introduction of L-PLGA NPs at 0.1 mg/ml (blue) and 1 mg/ml (red) on supported DPPC lipid

bilayers on a gold Quartz crystal microbalance sensor. Time is measured from particles injection onto an existing

bilayer (‘nanoparticles’), followed by the PBS buffer rinse (‘PBS’). The x-axis (time) is set to a value 0 when the NPs are

introduced to the fully formed DPPC bilayer. The y-axes in (A) and (C) are also normalized by dividing �f by change in

frequency corresponding to the DPPC SLB.

L-PLGA: Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid); PBS: Phosphate-buffered saline.

In vitro drug study

Before we began the in vitro drug study (Figure 5), we needed to determine the optimal dose of GDC-0623 for

MDA-MB-231 breast cancer cells. We screened GDC-0623 at five concentrations ranging from 10 µM to 1 nM

(Figure 5A). When we compared the results with DMSO (vehicle), we observed significant reductions in cell

numbers at 10 µM, 1 µM and 100 nM, but not at 10 and 1 nM. At 100 nM concentration, a 50% reduction in

cell numbers was observed and hence deemed the optimal dose moving forward. Next, L-PLGA-GDC NPs were

compared against negative controls (DMSO, PLGA NPs and L-PLGA NPs) and positive controls (free GDC-0623

and PLGA-GDC NPs; Figure 5B). The PLGA and L-PLGA negative controls did not reduce the relative number

of cells, which indicated that the NPs themselves were not cytotoxic. Conversely, the number of cells treated with

the negative NP controls actually increased slightly.

At 10 nM GDC 0623, PLGA-GDC NPs and free GDC-0623 had a similar effect on cell viability compared

with DMSO control. Only L-PLGA-GDC was able to induce a significant reduction in cell numbers at 10 nM

dose compared with DMSO control (Figure 5B). When compared with free GDC-0623, PLGA-GDC NPs were

not significantly different from free GDC-0623, while L-PLGA-GDC demonstrated a significant reduction in cell
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Figure 5. Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticles improve efficacy of GDC-0623. (A)

Dose response curve of MDA-MB-231 breast cancer cell line when treated with DMSO (vehicle) and GDC-0623

concentrations ranging from 10 µM to 1 nM. (B) MDA-MB-231 cell line treated with DMSO (vehicle), PLGA NPs

(negative control), L-PLGA NPs (negative control), free GDC-0623 (positive control), PLGA NPs with entrapped

GDC-0623 and L-PLGA NPs with entrapped GDC-0623 using drug concentration of 100 and 10 nM. Results were

normalized to vehicle. (C) Results of NPs with entrapped drug normalized to free drug. Cells were treated for 5 days

then stained with crystal violet. Crystal violet was eluted with 33% acetic acid and the absorbance was read at

570 nm. Error bars represent SEM; n = 3.

*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; #p ≤ 0.05, ##p ≤ 0.01.

GDC: MEK1/2 inhibitor GDC-062; L-PLGA NP: Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticle.

numbers (∼50%) compared with both the free GDC-0623 and PLGA-GDC NPs at 10 and 1 nM (Figure 5C).

These results indicated that L-PLGA-GDC NPs improved the efficacy of GDC-0623 at lower doses that were not

found to be significant in the dosing curve of free GDC; PLGA-GDC NPs did not confer the same effect at the

lower dose.

Western blots were performed to determine if the L-PLGA-GDC NPs could improve GDC-0623’s inhibition

of p-ERK1/2 compared with free GDC-0623 and PLGA-GDC NPs (Figure 6). When normalized to DMSO, all

treatments were able to reduce p-ERK1/2 while there was no change in total ERK1/2 for any treatment group

(Figure 6A & B). L-PLGA-GDC NPs significantly lowered p-ERK1/2 compared with free GDC and PLGA

(Figure 6A & C).

While conducting these studies, we observed that cells treated with GDC-0623 had distinctive morphological

differences suggestive of a mesenchymal-to-epithelial transition (MET) phenotype (Figure 7). This phenotype

was most obvious in cells treated with L-PLGA-GDC NPs compared with vehicle-treated controls (Figure 7A).

To determine if MEK1/2 inhibition induced a biological change in cancer cell phenotype, MDA-MB-231 cells

treated with GDC-0623 were next evaluated for phenotypic changes and alterations of gene expression associated

with the MEK pathway. qPCR was conducted to investigate the possibility of GDC-0623 reversing epithelial-to-

mesenchymal transition (EMT) through the inhibition of MEK/ERK1/2-regulated genes CDH1, VIM, FRA1 [67–

69]. qPCR demonstrated that only L-PLGA-GDC NPs had a significant increase (16 ± 2.8-fold) in expression of

the epithelial marker CDH1 compared with vehicle control (Figure 7B). Additionally, L-PLGA NPs demonstrated
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Figure 6. Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticles improve phosphorylation inhibition

of GDC-0623. MDA-MB-231 cell line was treated with DMSO (vehicle), free GDC-0623 (positive control), PLGA NPs with

entrapped GDC-0623, and L-PLGA NPs with entrapped GDC-0623. (A) Images of western blot with RhoGDIα control.

Western blot results normalized to (B) DMSO and (C) free GDC-0623. GDC-0623 concentration of 1 nM was used for all

western blots. Error bars represent SEM; n = 3.

*p ≤ 0.05; **p ≤ 0.01.

DMSO: Dimethyl sulfoxide; GDC: MEK1/2 inhibitor GDC-062; L; L-PLGA NP:

Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticle.

a more significant reduction in expression of EMT-related genes FRA1 (0.65 ± 0.03-fold), VEGF (0.30 ± 0.5-

fold) and VIM (0.38 ± 0.10-fold) than the other treatments when compared with vehicle control (Figure 7C).

Data normalized to free GDC-0623 (Figure 7D) demonstrated that L-PLGA-GDC NPs significantly increased

expression of CDH1 and reduced expression of VEGF and VIM compared with free GDC-0623 and PLGA-GDC

NPs.

NP uptake

To confirm the prediction of the QCM-D model that L-PLGA NPs would interact with cell membranes which could

lead to uptake by the cells, we conducted a cellular uptake study (Figure 8). MDA-MB-231 cells were treated with

0.1 mg/ml PLGA-TRITC and L-PLGA-TRITC NPs for 3 h and imaged using an inverted fluorescence microscope

(Figure 8A). To quantitate the uptake, we made a standard curve with TRITC NPs (Figure 8B & C) and then

performed a flow cytometry analysis (Figure 8D). The cells were again treated with the same concentrations of

NPs, but the analysis was done at three time points of 0.5, 1.5 and 3 h to profile the uptake. The mean fluorescence
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Figure 7. GDC-0623 reverses epithelial-to-mesenchymal transition in MDA-MB-231 cell line. MDA-MB-231 cell line was treated with

DMSO (vehicle), free GDC-0623 (positive control), PLGA NPs with entrapped GDC-0623 and L-PLGA NPs with entrapped GDC-0623. (A)

Morphology images of MDA-MB-231 cell line treated with DMSO, L-PLGA NPs (negative control), free GDC-0623 (positive control) and

L-PLGA NPs with entrapped GDC-0623. qPCR results for EMT markers normalized to DMSO for (B) CDH1 and (C) FRA1, VEGF and VIM and

(D) results normalized to free GDC-0623. GDC-0623 concentration of 1 nM for qPCR and 100 nM for morphology. Error bars represent

SEM; n = 3. Scale bar is 250 µm.

*p ≤ 0.05; **p ≤ 0.01; #p ≤ 0.05, ###p ≤ 0.001.

DMSO: Dimethyl sulfoxide; EMT: Epithelial-to-mesenchymal transition; GDC: MEK1/2 inhibitor GDC-062; L; L-PLGA NP:

Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticle.

intensity was determined using 10,000 events (gating and sort data available in Supplementary Figure 1). There

was an increase in NP uptake for both samples over the 3 h period, but the L-PLGA-TRITC NPs had a much

greater uptake (Figure 8C). This increased uptake agrees with the QCM-D modeling.

Discussion

Through the use of our novel NPDDS, we have enhanced intracellular drug delivery of a targeted therapy to

TNBC cells. Our characterization of the NPs demonstrated that L-PLGA was better suited for drug delivery. When

tested as a negative control, both PLGA and L-PLGA were shown to be nontoxic with a slight increase in cell

numbers (Figure 5B). We believe that the increase was due to the trehalose cryoprotective being a minor source

of carbohydrates for the cells. L-PLGA NPs being much smaller than PLGA NPs makes them a more desirable

NPDDS because a greater percentage of the L-PLGA NPs fall into the 20 to 200 nm range for passive targeting

based on the EPR effect. The size of the PLGA NPs is largely a function of the surfactant, PVA. A smaller PLGA NP

can be achieved when using surfactants that have a greater surface tension reduction than PVA [70], but we prefer

PVA because of its biocompatibility [71]. The L-PLGA NPs did not require a surfactant to stabilize the particles.

However, the conjugation of TRITC to the L-PLGA created a larger, more negative particle than L-PLGA-GDC

(Table 1), but we believe it was an appropriate model to verify cellular uptake for the following reasons. First, the

size of the particles was measured by DLS and it is the average size of the particles. There is a range of particle sizes

and there is significant overlap of L-PLGA-GDC and L-PLGA-TRITC particle sizes (Supplementary Figure 2).

Second, smaller particles have better cellular uptake than larger particles [64,72]. Therefore, given that the TRITC

particles are larger, we can deduce that the smaller L-PLGA-GDC particles will have an even better cellular uptake

than that observed for the TRITC labeled particles. The slower release of GDC-0623 from the L-PLGA-GDC NPs

is also important for improving drug efficacy because GDC-0623 was excreted quickly form the body preventing

drug accumulation at steady state. This slower release profile can be attributed to the presence of lignin on the

surface of the L-PLGA-GDC NPs (Figure 2B). The L-PLGA NPs also proved to be quite stable in physiological

conditions for extended periods of time with minimal change in size and zeta potential suggesting they would be

appropriate for use in an animal model.
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L-PLGA NP: Alkaline-lignin-conjugated-poly(lactic-co-glycolic acid) nanoparticle; TNBC: Triple-negative breast cancer; TRITC:

Tetramethylrhodamine isothiocyanate.

In addition to NP morphology and drug release, cellular uptake is a key characteristic of NP function. Adherence

of NPs to cell membranes is an initial step in the process leading to NP uptake or toxicity [50,51]. Synthetic

phospholipid bilayers, such as those comprising DPPC, in the form of solution-based vesicles or lipid bilayers on a

solid support are frequently used as model cell membranes to interpret the interactions of cells with surfaces [52,53].

By forming a bilayer directly on a coated quartz crystal sensor, QCM-D has been used to investigate the adherence

and uptake of NPs to SLBs [54], the structural rearrangement of NPs adsorbed to the SLBs [55] and the disruption

of bilayers by NPs [56–58]. Here, the potential interactions of the cells with PLGA and L-PLGA NPs are inferred

from the NP’s ability to adhere to or to disrupt the SLBs on QCM gold sensors. As interpreted from the Sauerbrey

equation (Equation 2), the mass of the bilayer formed on a sensor is proportional to the decrease in an oscillating

crystal’s resonance frequency (�f ) [41,43,44]. The QCM-D response of the energy dissipation (�D) describes the

variation in the viscoelasticity or rigidity of the film coated on the surface [57]. High values of dissipation are the result

of deformation of a soft film, whereas low dissipation describes films that are nondeformable and rigid. In relation

to SLBs, an increase in dissipation indicates the loosening or thickening of the lipid bilayer [46,59]. In the presence

of NPs, an increase in dissipation suggests that the particles have adhered to the bilayer, leading to hydrodynamic

effects that increase dissipation loss with the surrounding medium [60]. While the L-PLGA NPs adhered to the

model cell membranes, PLGA NPs caused membrane disruption and removal. The distinctly different behaviors of

PLGA NPs and L-PLGA NPs with SLBs may be related to the difference in their size as well as surface properties.

Larger polymeric NPs are more likely to be engulfed by a bilayer than smaller NPs, leading to mass loss and

membrane disruption upon removal [57]. Thus, the smaller size of L-PLGA NPs (92 ± 3.7 nm) as compared with
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PLGA (223 ± 1 nm) would favor their penetration into the lipid bilayer rather than disruption [64,65]. Similarly,

the effect of functionalized PLGA NPs size on their uptake by Caco-2 cells, a human colon adenocarcinoma cell

line, is observed to be 1.3-fold greater for 100 nm NPs compared with 500 nm particles, and about 1.8-fold greater

compared with 1000 nm particles [64]. Additionally, the surface chemistry of the polymeric NPs may play a role in

the nature of their interaction with the lipid membranes. L-PLGA NPs are stabilized by surface AL, whereas PLGA

NPs are stabilized by the addition of PVA, which may impact interactions with lipid bilayers [66]. Cellular uptake of

PLGA NPs and modified PLGA NPs is well documented [27,34,36,73–75]. The conjugation of AL, to PLGA produced

a much smaller particle with different surface properties, leading to an increase in NP uptake. This increased uptake

is what we believe to be responsible for improved efficacy of the L-PLGA nanodelivered GDC-0623 compared

with free drug and PLGA entrapped drug.

TNBC is especially difficult to treat because it lacks extracellular targets. Additionally, intracellular drug targeting

presents its own set of challenges such as cellular uptake and efflux pumping [76]. The use of NPs is pivotal to

increasing the efficacy of targeted therapies for promising intracellular pathways. The MDA-MB-231 cell line

was selected as a model for this study because of its mutation causing upregulation of the KRAS pathway [21].

Other studies have achieved successful outcomes using GDC-0623 in cell lines with KRAS mutations because

the compound binds to S212 in MEK, which prevents phosphorylation [77,78]. Upregulation of ERK1/2 in breast

cancer cells has been shown to induce a more aggressive phenotype through induction of EMT [79]. Nontransformed

human epithelial mammary cell line MCF-10A with induced mutations to have ectopic expression of ERK2

demonstrated increased EMT through FRA1 regulation downstream of ERK2. These mutated cells had reduced

expression of CDH1 and increased expression of VIM [80]. L-PLGA-GDC NPs exhibited a greater reduction in

expression of EMT genes suggest that L-PLGA NPDDS improved the inhibitory effects of free GDC-0623 and

PLGA-entrapped GDC-0623. To the best of our knowledge, our lab is the first to report that GDC-0623 reverses

EMT in the MDA-MB-231 cell line when administered in free and nanodelivered form.

Conclusion

GDC-0623 did not perform well in a Phase I clinical trial due to having a short-terminal half-life of only

4–6 h following oral dosing [13]. Polymeric NPDDSs have been shown time and time again to improve the

pharmacokinetics of cancer therapies, especially with regard to absorption, bioavailability, plasma circulation time

and increasing the drug’s mean half-life [81–86]. Grafting lignin to PLGA decreased the size of the NPs and improved

cellular of uptake. Our novel lignin-based NPDDS demonstrated that we were able to improve the efficacy of

GDC-0623 in multiple in vitro assays to treat TNBC with KRAS mutations.

Summary points

• Commonly used targeted therapies that act on hormone receptors and are better tolerated by the body than

chemotherapies cannot be used to treat triple-negative breast cancer.

• The targeted therapy GDC-0623 did not perform well in a Phase I clinical trial because of poor pharmacokinetics.

• Alkaline-lignin-grafted-poly(lactic-co-glycolic acid) (L-PLGA) nanoparticles (NPs) are less than half the size of PLGA

NPs, have a better drug-release profile and are more effective at reducing the number of breast cancer cells.

• GDC-0623 is better at inhibiting MEK1/2 activity when entrapped in L-PLGA NPs and delivered to cells.

• GDC-0623 efficacy was improved due to increased cellular uptake of L-PLGA NPs.
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