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Abstract

In this study we developed and characterized a delivery system for the epigenetic demethylating 

drug, decitabine, to sensitize temozolomide-resistant human glioblastoma multiforme (GBM) cells 

to alkylating chemotherapy. A poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol 

(PEG) based nano-conjugate was fabricated to encapsulate decitabine and achieved a better 

therapeutic response in GBM cells. After synthesis, the highly efficient uptake process and 

intracellular dynamics of this nano-conjugate was monitored by single-molecule fluorescence 

tools. Our experiments demonstrated that, under an acidic pH due to active glycolysis in cancer 

cells, the PLGA-PEG nano-vector could release the conjugated decitabine at a faster rate, after 

which the hydrolyzed lactic acid and glycolic acid would further acidify the intracellular 

microenvironment, thus providing a “positive feedback” to increase the effective drug 

concentration and realize growth inhibition. In temozolomide-resistant GBM cells, decitabine can 

potentiate the cytotoxic DNA alkylation by counteracting cytosine methylation and reactivating 

tumor suppressor genes, such as p53 and p21. Owing to excellent internalization and endo-

lysosomal escape enabled by the PLGA-PEG backbone, the encapsulated decitabine exhibited a 

better anti-GBM potential than free drug molecules. Hence, the synthesized nano-conjugate and 

temozolomide could act in synergy to deliver a more potent and long-term anti-proliferation effect 

against malignant GBM cells.
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INTRODUCTION

Arising from normal glial cells, human GBM constitutes the most prevalent primary brain 

tumor of adults. Even with gross total resection in surgery and adjuvant therapies, the 

overall median survival for GBM patients is only 14.6 months and the two-year survival is 

approximately 30%.1 As a primary choice of chemotherapy against GBM, temozolomide 

can elicit a drastic anti-tumor effect via inducing efficient alkylation of guanine residues in 

DNA. However, after short, temporary remission GBM would rapidly relapse and become 

chemo-resistant due to its infiltration-growth and heterogeneous histological composition: 

those tumor cells that evade surgical removal and bear drug-resistant potential could lead to 

a more aggressive phenotype.

Epigenetic aberration extensively participates in cancer initiation and progression, as well as 

in the etiology of human GBM.2, 3 Through modifications that occur on DNA, histone and 

chromatin structure, epigenetic mechanism fine-tunes the genetic activity in a time- and 

tissue-dependent manner without changing the DNA sequence. Among the elucidated 

epigenetic modifications, DNA methylation – the addition of a methyl group to the 5-carbon 

of cytosine, is the most investigated. Global DNA hypomethylation and promoter 

hypermethylation of particular tumor suppressor genes have been characterized as 

epigenetic hallmarks in a variety of human cancers.4, 5 For GBM, it has been discovered that 

the abnormal expression of O-6-methylguanine-DNA-methyltransferase (MGMT) gene, 

mainly regulated by DNA methylation, substantially contributes to the failure of alkylating 

(i.e. temozolomide) treatment.6 In the general paradigm of epigenetic regulation, 

hypermethylating a gene promoter has the tendency to switch off or suppress the 

downstream transcription, but this negative correlation does not seem to be a robust 

approach for the regulation of MGMT in human GBM.7–9 Instead, a positive correlation 

between the gene body methylation and MGMT expression was recently noted. Hence 

pretreating MGMT-expressing cells with decitabine, a cytosine analogue with its 5-carbon 

substituted by nitrogen, can considerably sensitize tumor cells to temozolomide.10 In the 

light of these findings, it will be of tremendous value to optimize current epigenetic 

treatments to advance regular chemotherapies against GBM.

Utilizing DNA demethylating agents, such as 5-azacytidine (AZA) and decitabine (5-aza-2′-

deoxycytidine, DAC), in myelodysplastic syndrome to complement traditional treatments 

has shown encouraging improvement in patient prognosis.11 However, to apply these drugs 

in solid tumors, especially brain tumors, is quite challenging, although some laboratory 

experiments and pre-clinical attempts have been conducted.12–15 Several major hurdles need 

to be overcome. First, unmodified nucleoside drugs have a short circulating time and low 

solubility before their degradation and clearance from human body.16 Second, a large 

number of chemo-molecules, including epigenetic drugs, are unable to reach an effective 

concentration in the central nervous system due to the blood-brain barrier (BBB). Third, the 

nucleoside transporter-dependent internalization by target cells also impedes an efficient 

intracellular accumulation of AZA and DAC.17 Moreover, without extra targeting strategy 

or surface modification, the inability for small-molecule drugs to differentiate cancer cells 

from normal cells would cause a series of unexpected side effects.
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In this study, our objective is to compose a PLGA-PEG-based polymeric nano-vector for 

decitabine delivery, to sensitize MGMT-expressing GBM cells to temozolomide treatment. 

Featuring excellent biocompatibility and pH-sensitive biodegradability,18 PLGA-

nanoparticle has proven to be a promising chemo-carrier for brain tumors.19–21 In line with 

existing research, our synthesized nano-conjugate exhibited outstanding delivering 

efficiency and rapid endo-lysosomal escape in GBM cells. Further, the acidic environment 

in cancer cells, due to the Warburg effect, can potently accelerate drug release from the 

PLGA-PEG backbone, which confers the nano-conjugate a targeting preference to impact 

cancer cells over normal cells. In combination with temozolomide, the free form of 

decitabine can intrinsically provoke a cytotoxic effect against MGMT-expressing cells, 

whereas our nano-conjugate formulation further improves the uptake and long-term efficacy 

of decitabine, which provides a superior option for future in vivo drug delivery.

METHODS AND MATERIALS

Synthesis of PLGA-PEG-OCH3 (Conjugate 1)

The PLGA-PEG di-block was synthesized as described in previous studies with minor 

modification.22 PLGA 50:50 with average molecular weight 8586 Da (0.31 mM) was 

dissolved in dry dichloromethane (DCM 10 ml). The carboxylic acid of PLGA was activated 

by 0.62 mM NHS and 0.375 mM DCC overnight at room temperature. The side product 

dicyclohexylurea (DCU) was filtered out; activated PLGA-NHS was precipitated by ice cold 

diethyl ether and dried under vacuum. The activated PLGA (2 g) was then added into 

methoxy polyethylene glycol (NH2-PEG-OCH3) (0.42 mM) solution in 10 ml dry DCM, and 

the reaction mixture was stirred at room temperature for 24 hours. The PLGA-PEG 

conjugate was precipitated out from the reaction mixture by adding diethyl ether and 

centrifuged at 3,220 g for 10 minutes. The supernatant was discarded and the polymer was 

washed with a mixture of diethyl ether and hexane 50:50 (3 × 5 ml) to remove excess 

reagents. Finally, the polymer was dried under vacuum for 24 hours to obtain the conjugated 

product. The polymer was characterized by 1H NMR spectroscopy. 1H NMR (DMSO, 400 

MHz): δH 5.36 – 5.00 (m, PLGA-CH2-), 4.94 – 4.57 (m, PLGA-CH2-), 3.67 – 3.58 (m, 

PEG-CH2-), 3.38 (s, PEG-OCH3), 1.52 (s, PLGA -CH3-).

Addition of -COOH group to PLGA block of PLGA-PEG (Conjugate 2)

The PLGA block of Conjugate 1 was modified by reacting with succinic anhydride to 

produce COOH-PLGA-PEG. 1.78 g of Conjugate 1 was dissolved in dry DCM (10 ml) 

containing 4-Dimethylaminopyridine (DMAP 25% w/v) as a catalyst, and succinic 

anhydride (39.3 mg) was added. After stirring overnight at 50°C, the DCM was removed in 

vacuum. The Conjugate 2 was re-dissolve in dry DCM and precipitated in ice cold diethyl 

ether, dialyzed against water for 4 hours using MWCO 3,500 and lyophilized. The polymer 

was characterized by 1H NMR spectroscopy. 1H NMR (DMSO, 400 MHz): δH 5.41 – 5.15 

(m, PLGA-CH2-), 5.02 – 4.59 (m, PLGA-CH2-), 3.71 – 3.60 (m, PEG-CH2-), 3.38 (s, PEG-

OCH3), 5.74 (s, SA-O-CH2), 1.57 (s, PLGA -CH3-).
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Synthesis of DAC-PLGA-PEG (Conjugate 3)

Conjugate 2 (0.08 mM) was dissolved in dry DCM containing 0.23 mM DPTS and cooled at 

0°C. For the reaction mixture, a solution of decitabine (0.09 mM) dissolved in dry N,N-

dimethylformamide (DMF) was added with continuous stirring. Then 0.23 mM DCC in 

pyridine was added slowly to the solution and the reaction was carried out at 4°C for 72 

hours under nitrogen atmosphere. The progress of reaction was monitored by TLC with 

CHCl3/CH3OH (1:4, v/v) as eluent (product Rf = 0.68). The DCM and pyridine were 

removed under reduced pressure and the product was re-dissolved in DCM and precipitated 

in ice cold diethyl ether. Untreated drug and other impurities were removed followed by 

dialysis. The dialysis was precipitated in ice cold diethyl ether/hexane 50:50 mixture, and 

was freeze-dried to keep at −20°C. The free drug and drug conjugate were characterized by 

UV and 1H NMR spectroscopy. 1H NMR of DAC (DMSO, 400 MHz): δH 8.56 (s, 1H, H-6), 

7.51 (s, 2H, NH2), 6.15 (t, 1H), 5.25 (s, 1H, OH-2′), 5.00 (s, 1H, OH), 4.2(s, 1H, H), 3.72 

(1H, H), 3.6 – 3.7 (m, 1H, H), 3.7 – 3.5 (m, 2H, H) 23 and 1H NMR of DAC-PLGA-PEG 

(Conjugate 3) (400 MHz): δ (ppm) = 8.56 (s, 1H, H-6), 7.52–7.49 (s, 2H, NH2), 6.15 (t, 1H), 

5.26 (s, SA-O-CH2), 5.25 (m, PLGA-CH2-), 4.91–4.83 (m, PLGA-CH2-) 4.2(s, 1H, H), 3.76 

(1H, H), 3.6 – 3.7 (m, 1H, H), 3.7 – 3.5 (m, 2H, H), 3.49 (m, PEG-CH2-), 3.22 (s, PEG-

OCH3), 1.46 (s, PLGA -CH3-).

Synthesis of PLGA-PEG-FITC (Conjugate 4)

The di-block polymer PLGA-PEG-NH2 (600 mg) was prepared and dissolved in 20 ml 

DCM. FITC (22.3 mg) was dissolved in 250 μl of mixture of DCM/pyridine and was added 

into the co-polymer solution. The reaction was allowed to run at 4°C for 24 hours in dark. 

The resulting conjugate was precipitated by ice cold diethyl ether (125 ml) and the product 

was centrifuged at 3,220 g for 30 minutes. The supernatant was discarded and the polymeric 

product was washed thoroughly by diethyl ether (5 ml × 3) and dried under vacuum 

overnight. The amount of fluorophore conjugated was determined using the fluorescence 

spectrometer at an excitation wavelength of 485 and emission at 530 nm.

Preparation of nano-micelles for biological tests

The DAC-PLGA-PEG (DC) and fluorescent DAC-PLGA-PEG (FDC) nano-micelles were 

prepared by film dispersion method. The DC conjugates with and without FDC conjugates 

were dissolved in chloroform at room temperature. The solvent was removed under reduced 

pressure to form a dry drug containing polymer film. This film was hydrated with 10 mM 

HEPES buffer (pH 7.4) at room temperature for 30 minutes. The nano-micelles were 

extruded through a 200-nm polycarbonate membrane. The concentration of drug is 

determined by UV spectrophotometer for DC and by fluorescent spectrometer for FDC with 

485 nm as excitation and 530 nm as emission.

Characterization of nano-micelles

The size and morphology of final products were determined by transmission electron 

microscope (TEM, Philips, CM1000) with 100-kV acceleration voltage. Nano-conjugate 

were diluted to 0.5 mg/ml with HEPES buffer (pH 7.4) and stained with 0.8 % uranyl 

acetate. The zeta potential of nano-micelles was measured with a ZetaPlus analyzer 
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(Brookhaven). Gel permeation chromatography (GPC) was performed using an Agilent 

1200 series Wyatt Dawn Heleos-II system equipped with UV, LSD & RID detector. N-

Dimethylformamide was used as the mobile phase at flow rate of 0.3 ml/min through OHpak 

SB-803 HQ [8.0 × 300 (mm): inner diameter × length] column at 40°C. GPC calibration 

curve was constructed using polystyrene standards.

Cell culture and cytotoxicity assay

Human GBM cell lines SF767 and U87 were cultured in Iscove’s Modified Dulbecco’s 

Medium (IMDM) supplemented with 10% fetal bovine serum, 1% antibiotics and 1% 

glutamate. MTT assay was used to test the short-term cell viability with different treatments. 

In a 96-well plate assay, 3,000 cells were seeded in each well and grown for 24 hours. Then 

the culture medium was replaced with fresh medium containing predetermined agents. After 

72 hours, the medium was quickly removed and cells were rinsed with clean 1 × PBS. Cells 

were incubated with 100 ml fresh medium containing 10 ml thiazolyl blue tetrazolium 

bromide solution (MTT, 5 mg/ml in PBS as stock) for 3–4 hours and the precipitated 

formazan was dissolved in 100 ml acidic isopropanol prior to analysis by microplate reader 

at an absorbance of 570 nm. For long-term proliferation assay, 5,000 cells were seeded to a 

T25 flask at day 0, and the cell number under each specific condition was counted for 8 

days.

DNA methylation assay

During long-term treatment (8 days), genomic DNA was extracted from cells to determine 

the global methylation level at Day 4 and Day 8. DNA extraction and purification were 

performed with DNeasy Blood & Tissue Kit (Qiagen). Global methylation was quantified by 

MethylFlash™ Methylated DNA Quantification Kit (Epigentek). 100 ng DNA was input for 

immunoassay and the generated colorimetric signal was measured by using a VersamaxTM 

absorbance microplate reader (Molecular Device). The percentage of DNA methylation was 

calculated by normalizing the optical intensity as to the positive control DNA.

Single-molecule fluorescence detection

Single-molecule fluorescence experiments (FCS, PCH and FLIM) were performed with a 

Microtime200 scanning confocal time-resolved system (Picoquant GmbH). A 465-nm 

picosecond pulsed laser was applied to excite the FITC tag on nano-conjugate. The 

excitation beam was delivered to the sample stage through an apochromatic water 

immersion objective (60×, N.A. = 1.2) and the emitted fluorescence was collected by the 

same objective, from which the emission was separated by a dual band dichroic 

(z467/638rpc, Chroma). A 50-μm pinhole was used to reject the off-focus photons, and the 

signal beam was further filtered by a band-pass filter (520/40 nm, Chroma) before reaching 

the single photon avalanche photodiode detector (SPAD) (SPCM-AQR, PerkinElmer Inc.).

Fluorescence correlation spectroscopy (FCS)—Autocorrelation function G(τ) in 

FCS is the measure of similarity between observations as a function of the time lag (τ).24, 25 

For fluorescent molecules diffusing in-and-out a femtoliter-level detection volume enable by 

confocal instrumentation, the autocorrelation function can be obtained as:
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(1)

where <F> is the average fluorescence intensity, and δF(t) = F(t) − <F(t)>. For molecules 

diffusing freely in a 3D Gaussian space, Equation 1 can be re-written as:

(2)

where , w0 and z0 are the lateral and axial radii of the detection profile, respectively. 

τD is the diffusion time, which reflects the average dwelling time of the fluorescent 

molecules in the detection volume and can be correlated to the diffusion coefficient (D) as: 

.

Photon counting histogram (PCH)—The sensitivity of FCS mainly depends on the 

molecular size rather than the molecular weight of diffusors, which requires a minimum of 

1.6-fold change in hydrodynamic radius or at least 4.1-fold change in molecular weight to 

distinguish two species of spherical shape (Figure S6B).26 PCH provides another inherent 

characteristic – the molecular brightness (ε), which reflects on the stoichiometry of 

fluorescent molecules when molecular oligomerization cannot bring about a significant 

difference in diffusion.27, 28 Defined as the average number of photons detected per 

molecule per integration interval (e.g. cpsm, counts per second per molecule) and can be 

calculated as follows:

(3)

where εi is the brightness for species i, fi the fractional intensity and σ2 the variance. PCH 

analysis can simultaneously determine the average number and brightness of molecule 

within a 3D Gaussian volume. The gamma factor (γ) is an excitation-dependent value and 

assigned as 0.3536 for single photon system. The algorithm was integrated into an ImageJ 

plugin and kindly provided by Stowers Institute for Medical Research.

Fluorescence lifetime imaging microscopy (FLIM)—Fluorescence lifetime (τ) is 

defined as the average time the fluorophore stays at the excited state prior to emitting the 

first photon and can be expressed as:

(4)

where Γ is the emissive rate and knr the non-radiative decay rate. Fluorescence lifetime is 

independent of the molecular concentration and excitation intensity, but it is quite sensitive 

to the surrounding physicochemical factors such as pH. In the time-domain lifetime 

measurement, the pixel-by-pixel emitted photons were recorded using time-correlated single 
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photon counting (TCSPC) module and stored in time-tagged time-resolved (TTTR) format 

(Time Harp200, PicoQuant GmbH), based on which the lifetime can be calculated as the 

amplitude of detected photons decays to 1/e: F(t) = F0e−t/τ. In FLIM images, a TCSPC 

histogram is generated for each pixel to reconstruct a color-coded lifetime image.

Drug release kinetics

The DAC-PLGA-PEG nano-conjugate was suspended in 500 μl of PBS (pH 5 or 7.4) and 

dialyzed (MWCO 3.0 kDa) against 1.5 ml of medium. Then the tubes were placed in an 

orbital shaker setting at 120 rpm and 37°C. At predetermined time (1h, 2h, 4h, 8h, 12h, 24h, 

48h, 72h), 10 μl aliquot was withdrawn, and replaced with fresh buffer. The released DAC 

concentration was quantified by UV-Vis spectroscopy at a characteristic wavelength of 

DAC, λmax 244 nm (pH 5) and 220 nm (pH 7.4) (Figure S5).29 The release of DAC from 

DAC-PLGA-PEG micelle was expressed as a percentage of the drug released and plotted as 

a function of time.

Quantitative RT-PCR

RNA extraction and reverse transcription were conducted using RNeasy Mini Kit (Qiagen) 

and iScript™ cDNA Synthesis Kit (Bio-Rad) respectively, according to manufacturers’ 

instructions. Before cDNA synthesis, genomic DNA was removed by DNase I (Life 

Technologies). PCR amplification was performed in a StepOnePlus™ system with SYBR® 

Green PCR Master Mix (Applied Biosystems). The GAPDH gene was used as internal 

control and ΔΔCT method was applied to compare gene expression.

Flow cytometry

For cell cycle analysis, cells were fixed with 70% ethanol and stained with 20 μg/ml 

propidium iodide solution containing 0.1% Triton X-100 and 200 μg/ml RNase A, according 

to standard protocol.30 Flow cytometry was performed in a FC500 MPL system (Beckman 

Coulter). 10,000 cells were collected for each condition, and the cell cycle histograms were 

analyzed with Watson pragmatic model in Flowjo software.

Statistical analysis

In significance test: student t-test was used for two sample comparison, and ANOVA test 

was used for multiple sample comparison. All analysis was performed with OriginPro 

software.

RESULTS AND DISCUSSION

Decitabine-containing nano-conjugate was prepared with a three-step synthetic route (Figure 

1A). First, N-hydroxysuccinimide (NHS)-activated PLGA reacted with PEG to form the co-

polymer PLGA-PEG. Then the terminal hydroxyl group of PLGA-PEG was converted to 

carboxylic group by reaction with succinic acid, and the succinylated PLGA-PEG co-

polymer was allowed to react with the 5′-OH of decitabine in the presence of N,N′-

dicyclohexylcarbodiimide (DCC) and 4-(Dimethylamino) pyridinium-4-toluene sulfonate 

(DPTS), to result in the formation of DAC-PLGA-PEG conjugate. The final product was 

confirmed by 1H NMR spectroscopy with all the characteristic peaks and integration values 

Cui et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2015 December 23.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



as indicated in Figures S1–3. In addition, it has been reported that carbodiimide derivatives 

and DPTS are useful esterification reagents with prominent reaction yield.31 The number-

averaged molecular weight of the DAC-PLGA-PEG co-polymer was found to be 9,975, 

which was calculated by using the ratio among the peak areas at 5.25 ppm (-CH protons of 

PLA), 4.85 ppm (-CH protons of PGA), 3.49 ppm (-CH2 protons of PEG) and 8.5 ppm (-

NH2 of decitabine). The decitabine content in DAC-PLGA-PEG conjugate was estimated to 

be 2.29% (by weight) with UV-Vis spectroscopy, and the difference between PLGA, PLGA-

PEG and DAC-PLGA-PEG was further confirmed by GPC. The incremental reduction in 

the retention time of products along the synthesis clearly indicates an increase in the 

molecular size following each attaching reaction (Figure 1B).

The solution of micelle-like nano-conjugate of DAC-PLGA-PEG was prepared with 

Bangham method which was initially used for liposome production.32, 33 DAC-PLGA-PEG 

conjugates were dispersed in organic solvent. Then, the organic solvent was removed under 

reduced pressure. Finally, the dry polymeric film deposited on the flask wall was hydrated 

by adding neutral buffer solution under agitation at room temperature. This method is 

widespread and easy to handle; however, dispersed polymer in aqueous buffer yields a 

population of heterogeneous particles both in size and shape. Thus the nano-micelles were 

further extruded through polycarbonate filters to obtain a more uniform solution.34 The 

morphology of nano-micelles was then analyzed by TEM (Figure 1C), from which the 

spherical geometry of the particle with an average diameter of ~55 nm was determined. In 

addition, with surface PEGylation, the originally negative PLGA-based nano-micelles were 

tune to have a neutral (slightly negative) zeta potential (Figure S4C). The physical 

characteristics of polymeric nanoparticles such as size, shape and surface charge are critical 

factors for their stability, in vivo pharmacokinetics and bio-availability. In vivo nano-vectors 

must first evade the reticuloendothelial system (RES) which can opsonize foreign 

nanomaterials and subsequently induce their degradation via phagocytosis by 

macrophages.35 PLGA-nanoparticles below 100 nm with hydrophilic surface modification 

such as PEG could greatly avoid opsonization and minimize the clearance by RES. This 

would prolong the circulation time of nanoparticles and allow the delivery of more payloads 

to tumor lesions.36 The other rationale for us to add PEGylation onto this nano-conjugate 

lies in that positively charged surface particles bind easily to a variety of cells in the body, 

including vascular endothelial cells, before reaching the diseased loci. Therefore it would be 

preferential to maintain the nano-vectors as either neutral or slightly anionic for a better 

stabilization and less non-specific drug loss.37, 38

Exploration of drug release kinetics and diffusion by single-molecule spectroscopy in living 

single cells enables us to record the spatiotemporal distribution of this nano-conjugate in real 

time with the resolution down to microsecond and in femtoliter volume.39–41 By utilizing 

ultrashort pulsed laser and SPAD system, the fluorescence fluctuation in an extremely small 

volume (~0.6 femtoliter under 465 nm excitation) can be extracted and interpreted with FCS 

and PCH as presented in Figure 2.42 In order for the fluorescence fluctuation to be detected, 

the concentration of fluorescent molecules should be in the pM to nM range to avoid signal 

deficiency or saturation. For live cell experiments, DAC-PLGA-PEG and PLGA-PEG-FITC 

were mixed in a 2:1 ratio to render the formed nano-micelles fluorescent, which did not 
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affect the basic physicochemical properties of PLGA-PEG nanoparticles (Figure S4). The 

nano-micelles in buffer solution (determined by FCS) were incubated (initial concentration 

of 13.8 nM) with SF767 cells for up to 6 hours (Figure 2A–B). The intracellular 

concentration of nano-micelles could reach 83.5 ± 5.0 nM within the first hour, 

quantitatively confirming the high uptake rate and delivery efficiency of this PLGA-PEG-

based nano-vector. After 4 hours, the intracellular concentration peaked at 145.8 ± 13.4 nM 

as shown in Figure 2C. Notably, the average diffusion coefficient of nano-micelles in living 

cells did not experience drastic change at different time points (Figure 2B, inset), which 

indicates that no significant aggregation or abrupt particle disintegration occurred within 6 

hours. From PCH, the average brightness of nano-micelles displayed a gradual increase 

(Figure 2C, red dash line). We therefore speculated that some PLGA fragments containing 

FITC molecules hydrolyzed from early-taken micelles would integrate into newly 

internalized micelles due to physical adsorption or hydrophobic force. From the 

fluorescence images, the PLGA-PEG-based nano-micelles exhibit a uniform distribution 

inside the whole cell without compartmental entrapping (Figures 2A and S6A), indicative of 

its elusion from the endo-lysosomal system. The results from FCS and PCH suggest that the 

maximum cell internalization of the PLGA-PEG nano-conjugate could occur within 1 hour 

for GBM cells, followed by a gradual hydrolysis process.

Upon the hydrolysis of PLGA backbone, the intracellular accumulation of lactic acid and 

glycolic acid was expected, and these two products would further acidify the internal 

environment to facilitate a drug release cascade. To some extent, the further acidified pH 

could not only accelerate the hydrolysis rate of PLGA, but also slow down the triazine ring-

opening decomposition of decitabine,29 thus supporting a better efficacy of our nano-

conjugate in against cancer cells. The fluorescence lifetime of FITC is a sensitive measure of 

its surrounding pH, and an acidic environment can cause a significant reduction in the 

fluorescence lifetime of FITC.43 Hence, FLIM was applied to indirectly assess the process 

of acidification and drug release inside cells. In FLIM, color-coded lifetime is visualized 

based on a pixel-by-pixel TCSPC calculation. Figure 3A shows the time-resolved FLIM 

images at different incubation times. It is clear, especially from the 1 hour-incubation image, 

that SF767 GBM cells boast an acidic internal environment since FITC on the membrane 

exhibits a significant longer lifetime (green arrows) before internalization. Along with 

incubation, the significantly shortened fluorescence lifetime of FITC inside cells was noted 

in FLIM images, which also can be distinguished from the globally shifted lifetime 

histograms (Figure 3B). To verify the influence of pH on PLGA hydrolysis, we performed 

the in vitro hydrolysis assay to study the drug release kinetics of our nano-conjugate at pH 

5.0 and 7.4, respectively. As shown in Figure 3C, the hydrolysis rate was significantly faster 

at acidic pH than in neutral environment. Approximately 85% of the conjugated decitabine 

was released at pH 5.0 within the first 12 hours, whereas only ~40% was released at pH 7.4. 

This validates the susceptibility of the ester bond-mediated PLGA-conjugation to acid; 

however, a more comprehensive release study is required for future in vivo applications due 

to the lack of analytical methods for simultaneously detecting decitabine and its 

degradation.44, 45
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Based on the results from our single-molecule experiments, the intracellular behavioral 

mode of DAC-PLGA-PEG was proposed (Figure 4). Having a size of 50–60 nm, the formed 

nano-micelles can rapidly enrich in GBM cells within 1 – 2 hours and the delivery of 

decitabine here, to a great extent, is thus independent of nucleoside transporters. Instead, the 

initial linear uptake trend and the later saturated uptake trend, revealed by FCS 

measurements (Figure 2C, black dash line), evidently suggest that the cell internalization of 

sub-100 nm PLGA-nanoparticles is the outcome of a cooperation between fluid-phase 

pinocytosis and clathrin-mediated endocytosis,46 which is different from the recently 

proposed mechanism for large-size PLGA-nanoparticles (i.e. via extracellular release of the 

drug payload to contacting cells).47 The rapid endo-lysosomal escape is another advantage 

for PLGA-based delivery since a further anionic-to-cationic reversal of the particle surface 

charge facilitates the nano-micelles to interact with endo-lysosomal membrane and achieve 

the escape within 10 minutes.48 Moreover, the internalized nano-micelle can well maintain 

its integrity within a considerable time (at least 4 – 6 hours), and its hydrolysis is subject to 

acidic pH in cancer cells. Taken together, our single-molecule profiling has for the first time 

quantitated the intracellular dynamics of a PLGA-based delivery system. Further, under in 

vivo condition, considering the “enhanced permeation and retention” (EPR) effect of tumor 

microenvironment, the long-circulating and BBB-penetrating PLGA-PEG nano-micelles are 

expected to be an ideal nano-vector to target brain tumors.

To explore the therapeutic potential of this nano-conjugate, we applied MTT assay to 

evaluate the cell viability under different conditions. First of all, the MGMT-mediated 

resistance to temozolomide treatment was assessed in different cell lines. MGMT-positive 

SF767 cells and MGMT-negative U87 cells were treated with temozolomide at a 

concentration of up to 30 μM for 72 hours. As expected, U87 cells were quite sensitive to 

temozolomide treatment and a dosage of 30 μM can fully suppress the cell proliferation 

(IC50 was estimated to be around 20 μM49). In contrast, SF767 cells did not show any 

significant response to 30 μM temozolomide (Figure 5A). In the following combinatorial 

treatments, SF767 cells were first sensitized with decitabine or our synthesized nano-

conjugate with equivalent drug content (50 nM) for 24 hours, followed by addition of 30 μM 

temozolomide for another 48 hours. Notably, both decitabine and the nano-conjugate 

exhibited a concentration-dependent cytotoxicity against MGMT-expressing SF767 cells 

because of the non-specific effect, but the decitabine encapsulated in nano-micelles was 

more effective than the free drug possibly due to the better internalization efficiency. After 

sensitization with 50 nM decitabine as in free form or in nano-conjugate form, 30 μM of 

temozolomide could successfully suppress the cell viability by 47% and 62%, respectively 

(Figure 5B). This set of experiments thereby suggests a synergistic effect between 

decitabine/nano-conjugate and temozolomide.

Next, we assessed the long-term effects of the combinatorial treatments to support the 

superior therapeutic efficacy of decitabine in the nano-conjugate form. A crucial pitfall for 

conventional PLGA-based delivery system comes from its undesired burst release of drug, 

so here we opted to chemically conjugate decitabine to the PLGA backbone instead of to 

physically load the free drug. This design merits a better estimation for drug dosage and also 

a sustainable release. In this regard, after MTT assay we extended the monitoring time for 
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cell response, in terms of proliferation rate and DNA methylation change, to 8 days. It is 

clear from Figure 6A that the proliferation rate of SF767 cells under the conjugate and 

temozolomide treatment is significantly lower (by ~70%) than the rate under decitabine and 

temozolomide treatment in a long run. We also noted that a larger extent of reduction in 5-

methylcytosine (5mC) could be achieved and maintained by decitabine nano-conjugate 

(Figure 6B), validating the drug effects on DNA methyltransferases and 5mC content.

Since both decitabine and temozolomide function through inducing DNA alkylation but on 

different nucleosides, the next immediate query is to test whether their synergistic effect 

against MGMT-expressing GBM cells stems from triggering more extensive DNA damages. 

Quantitative RT-PCR was thus applied to check four critical genes responding to DNA 

damage and apoptosis initiation: p53, p21, Caspase3 and BRCA1. Consistent with the MTT 

assay results, temozolomide alone cannot evoke any significant changes in the transcription 

of these genes in SF767 cells, whereas the combinatorial treatment (conjugate and 

temozolomide) radically increased both transcripts of p53 and p21 (Figure 7A). However, 

we did not observe significant changes in Caspase3 and BRCA1, which verified the 

decitabine-induced Caspase-independent apoptotic response and impaired BRCA1-pathway 

in human gliomas.50, 51 The induction of p53 and p21 could in turn retard cell cycle 

progression and cell proliferation. Examined by flow cytometry, a much larger proportion of 

cells were found to be arrested in the G2/M-phase when subjected to combinatorial 

treatment (Figure 7B), which is in agreement with the previous research on decitabine 

pharmacology.52–54 Collectively, our data suggest that the main mechanism for decitabine to 

potentiate temozolomide treatment hinges on amplifying the effect of DNA damage, though 

we cannot rule out the possibility that the observed increase in p53 and p21 might also be 

attributed to the induced demethylation of their promoters by decitabine.

CONCLUSION

Taking advantage of the synergistic effect between decitabine and temozolomide to target 

human GBM, we address a major problem regarding drug delivery that has a promising 

significance in enabling future in vivo application of the decitabine involved 

chemotherapies. A PLGA-PEG-constituted nano-conjugate was herein devised to 

encapsulate decitabine, and the formed nano-micelles achieved a highly efficient cell uptake. 

The pH-dependent hydrolysis of PLGA renders this nano-conjugate more fragile in acidic 

microenvironment, which would aid in a more potent drug release and cytotoxic effect in 

cancer cells, specifically. Our experiments also indicate that the complementary effect of 

decitabine to temozolomide stems from inducing more significant DNA damage and 

triggering the p53/p21-dependent apoptotic pathway in MGMT-expressing GBM cells. 

Future efforts should be placed in understanding the in vivo pharmacokinetics and 

pharmacodynamics of this nano-vector, as well as its therapeutic potential in treating other 

solid tumors.
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Figure 1. 

Synthesis of DAC-PLGA-PEG nano-conjugate. (A) Brief schematic for chemical 

conjugation. (B) The successful attachment of each component was validated by the 

decreased retention time in GPC measurement. (C) TEM image of the formed nano-

micelles.
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Figure 2. 

Single-molecule characterization of cell uptake and intracellular behavior of the nano-

micelles. (A) Confocal fluorescence images of cells incubated with fluorescent nano-

micelles. (B) Autocorrelation curves from single living cells for FCS measurement. By 

fitting with an appropriate model, the diffusion coefficient (inset panel), (C) the average 

number/concentration and brightness of molecules in the detection volume can be 

determined (n > 20, mean + S.E.M.).
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Figure 3. 

The influence of pH on nano-conjugate hydrolysis and drug release. (A) Time-resolved 

FLIM images of the FITC molecules integrated into the nano-micelles are presented. The 

reduction of FITC lifetime inside cells implicates a further acidification of intracellular pH. 

(B) Lifetime histograms from the above images are shown. (C) The intra-cancer cell drug 

release was projected based on in vitro drug release kinetics (n = 3, phosphate buffers).
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Figure 4. 

Proposed single-molecule behavior of PLGA-PEG-based nano-micelles in GBM cells.
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Figure 5. 

Therapeutic potential of combinatorial treatments. (A) Distinct temozolomide-resistance for 

MGMT-expressing (SF767) and MGMT-negative (U87) GBM cells was assessed. (B) The 

synergistic effect between decitabine and temozolomide was tested in SF767 cells. In the 

meantime, the difference in potency of decitabine in free form and in conjugate form was 

demonstrated (n = 6, mean + standard deviation).
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Figure 6. 

Long-term effect of combinatorial treatments. (A) SF767 cell proliferation was monitored 

for 8 days upon indicated treatments (for decitabine and conjugate, 50 nM of equal drug 

content was applied; for temozolomide, 30 μM was given; n = 3 replicates). (B) During the 

whole course, the quantity of DNA methylation (i.e. percentage of 5mC) was assessed at 

three time points (pre-treatment, middle, and post-treatment; n = 3, mean + standard 

deviation).
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Figure 7. 

Decitabine nano-conjugate better sensitizes MGMT-expressing GBM cells to temozolomide 

by inducing DNA damage and G2/M arrest in cell cycle progression. (A) Transcriptional 

levels of four DNA damage responsive genes were determined by quantitative RT-PCR after 

72 hours treatment (n = 4, mean + standard deviation). (B) Cell cycle progression was 

evaluated by flow cytometry.
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