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Biodegradable system for drug delivery of hydrolytically labile 
azanucleoside drugs

Martin Hrubya#, Khushboo Agrawalb#, Olivia Policianovaa, Jiri Brusa, Jan Skopala, Pavel Sveca, Miroslav Otmarc, Petr Dzubakb, 
Petr Stepaneka, Marian Hajduchb

Background. The archetypal DNA methyltransferase inhibitors, 5-azacytidine (AZA) and 5-aza-2'-deoxycytidine (DAC) 
are potent antineoplastic agents used in the treatment of mainly, blood malignancies. However, the administration 
of these drugs is confounded by their hydrolytic lability which decreases plasma circulation time. Here, we describe a 
new biodegradable, polyanhydride formulation for drug delivery that circumvents this drawback.
Methods. Injectable/implantable polymeric microbeads containing dispersed microcrystals of hydrophilic AZA or DAC 
packed in a dry environment are protected from hydrolysis, until the hydrolytic zone reaches the core. Diclofenac is 
embedded into the formulation to decrease any local inflammation. The efficacy of the formulations was confirmed 
by monitoring the induced demethylation, and cytostatic/cytotoxic effects of continuous drug release from the time-
course dissolution of the microbeads, using an in vitro developed cell based reporter system.
Results. Poly(sebaccic acid-co-1,4-cyclohexanedicarboxylic acid) containing 30 wt. % drug showed zero-order release 
(R2 = 0.984 for linear regression), and release rate of 10.0 %/h within the first 5 h, and subsequent slower release of the 
remaining drug, thus maintaining the level of drugs in the outer environment considerably longer than the typical 
plasma half-life of free azanucleosides. At lower concentrations, the differences between powder drug formulations 
and microbeads were very low or negligible, however, at higher concentrations, we discovered equivalent or increas-
ing effects of the drugs loaded in microbeads.
Conclusions. The study provides evidence that microbead formulations of the hydrolytically labile azanucleoside drugs 
could prevent their chemical decomposition in aqueous solution, and effectively increase plasma circulation time.
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INTRODUCTION

Cytosine analogues, 5-azacytidine (azacytidine, AZA, 
Vidaza®) and 5-aza-2'-deoxycytidine (decitabine, DAC, 
Dacogen®) have been established as efficient therapeu-
tics for the treatment of blood malignancies, especially 
myelodysplastic syndrome1-3. They have two mechanisms 
of action: at low doses, they inhibit the expression of de 
novo DNA methyltransferases (DNMTs), and reactivate 
the tumor suppressor genes silenced by aberrant DNA 
methylation. This determines the therapeutic efficacy of 
the drugs1-3. However, at high doses, they directly incor-
porate into nucleic acids resulting in impaired DNA and 
RNA synthesis, inhibition of protein production, and cell 
death. The effect on DNMTs is based on the nucleophilic 
attack of the azanucleosides on the carbon-6 atom of the 
cytosine ring, resulting in covalent bond formation be-
tween azacytosine and the active site of the enzyme4. This 
covalent trapping of DNMTs is stable and inhibition is 
therefore practically irreversible. However, the susceptibil-

ity of the carbon 6 of the azacytidine ring in the presence 
of other nucleophiles including water causes rapid and 
reversible opening of the 5-azacytosine ring, followed by 
irreversible decomposition. This hydrolytic lability ren-
ders the chemical instability of the azanucleoside drugs, 
thereby compromising the plasma circulation time5. 
Often, long-term cooled infusions are necessary. This un-
derlines the paramount importance for the AZA and DAC 
formulations that may overcome this hydrolytic lability.

Biodegradable polymeric implants are well established 
delivery devices for various drugs. Drug release may be 
driven either by diffusion of the drug from the polymeric 
depot, cleavage of the chemical bond between polymeric 
carrier and the drug, degradation of the polymeric im-
plant, or by combination of these mechanisms6-8. Besides, 
controlled chemical degradation of the implant forming 
polymer (desirable for many in vivo applications) may 
proceed in whole volume, e.g., hydrazone based hydro-
gels9, from the surface only, e.g., polyanhydrides10-12, or 
by combination of both, e.g., polylactides8,13.
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Polyanhydrides such as poly(sebacic acid) are relative-
ly hydrophobic polymers that degrade in aqueous milieu, 
by hydrolysis of carboxylic acid anhydride bond into low 
molecular weight water-soluble dicarboxylic acids which 
are further metabolized or excreted10,11,13. Since, hydrolysis 
of polyanhydrides strictly begin at the surface so the inner 
volume of the implant remains dry, until the hydrolytic 
zone on the surface reaches completely to the core. Rate 
of hydrolysis is inversely proportional to the hydrophobic-
ity of the monomer (increased hydrophobicity decreases 
degradation rate), and can be controlled upon modifica-
tion with highly hydrophobic fatty acids14, or with use 
of monomeric composition that increases crystallinity, 
such as conformationally rigid cyclic diacid comonomers 
(eg., 1,4-cyclohexanedicarboxylic acid), or aromatic diacid 
monomers10-12.

This study describes a conceptually new system ex-
ploiting the ability of the polyanhydrides to hydrolyze 
from the surface only, to release the hydrolytically labile 
drugs, AZA and DAC. Instead of hydrophobic polyanhy-
dride, the injectable/implantable polymeric microbeads 
are biodegradable, containing dispersed microcrystals of 
hydrophilic AZA or DAC, insoluble in anhydride. With 
the time-course degradation of the polyanhydride, the 
degradation zone/aqueous milieu proceeds from the sur-
face to the core of the beads, resulting in dissolution of 
microcrystals and sustained release of the drugs into outer 
environment. The underlining principle is based on the 
packing of microcrystals in a dry environment protected 
from hydrolysis, until the hydrolytic zone reaches the 
core, thus circumventing the hydrolytic lability (Fig. 1).

For preparation of the drug loaded microbeads, 
Poly(sebaccic acid-co-1,4- cyclohexanedicarboxylic acid) 
was used as the starting polymer. Since, microbeads may 
cause local irritation resulting in inflammation, nonsteroi-
dal anti-inflammatory drug, diclofenac (DIC) was added 
to the polymeric matrix15. DIC is hydrophobic and is 
soluble in polymeric matrix.

This biodegradable model of micro-particulate dual 
drug delivery system was characterized in vitro for physi-
cal, chemical, and biological properties.

MATERIALS AND METHODS

All chemicals were obtained from Sigma-Aldrich, St. 
Louis, MO, unless otherwise indicated.

Preparation of polymeric beads
For the preparation of Poly(sebaccic acid-co-1,4-cyclo-

hexanedicarboxylic acid), PSA-co- PCH (70:30 mol/mol), 
a modified procedure described previously16 was used.

Sebaccic acid (8.40 g, 41.5 mmol), 1,4-cyclohex-
anedicarboxylic acid (3.06 g, 17.8 mmol) and acetic 
anhydride (115 mL, 124 g, 1210 mmol) were refluxed 
for 30 min, and the reaction mixture was evaporated in 
vacuo. Subsequently, the residues of acetic acid and acetic 
anhydride were azeotropically removed by evaporation 
with toluene (2x), and the solid residue was dissolved in 
chloroform, followed by precipitation with diethyl ether 
– petroleum ether mixture (1:1 v/v). The precipitated pre-
polymer was then filtered off, air-dried, and heated on 
magnetic stirrer at 180 °C for 90 min in vacuo (10 Pa), 
and cooled. Finally, the solidified melt was dissolved in 
dichloromethane and precipitated with petroleum ether, 
yielding 7.79 g (75%) of purified PSA-co-PCH [Weight-
average molecular weight (Mw): 12.1 kDa, according to 
gel permeation chromatography], refer ss NMR charac-
terization.

AZA and DAC, or uridine (model for in vitro release 
experiment) were homogenized in acetonitrile suspension 
(IKA T25 Ultra Turrax® dispersing instrument, Thermo 
Fisher Scientific Inc., Waltham, MA), filtered off, air-
dried, and milled (Pulverisette 23® Mini Mill, Fritsch, 
ILABO Ltd, Kyjov, Czech Republic). PSA-co-PCH (420 
mg) was dissolved in anhydrous acetonitrile (1.78 mL) at 
60 °C and milled AZA, DAC or uridine (180 mg) were 
added subsequently. For dispersions containing DIC, the 
amount of PSA-co-PCH was reduced to 360 mg and DIC 
(60 mg) was added. The suspension (58°C) was emulsi-
fied with 50 mL of polyisobutylene thickened mineral oil 
(58 °C) by vigorous stirring at 2000 rpm, and the result-
ing emulsion was stirred at 60 °C for 30 min, until com-
plete evaporation of the acetonitrile. The suspension was 
cooled to room temperature with stirring, and filtered. 
Finally, the beads were collected and washed several times 
with hexane to get rid of mineral oil and polyisobutylene, 
air-dried, and washed again quickly with H2O to remove 
surface- bound drug crystals, and immediately dried in 
vacuo. Bead size distribution, weighted by volume frac-
tion was determined by Mie scattering (Mastersizer 3000 
instrument, Malvern Instruments Ltd, United Kingdom).

In vitro drug release
Uridine was used as a model compound for release of 

AZA or DAC from the beads due to chemical stability, 
structural similarity, and analytical simplicity. Beads with 
10, 20 and 30 wt. % uridine (absorbance ca Amax = 1.000 
for 100% release, extinction coefficient ε261 nm =1.197 x 104 
L/mol/cm) were suspended in 200 mL PBS (pH 7.4), and 
incubated with shaking at 37 °C. Samples (aa 0.5 mL) 
were filtered and absorbance A was measured at 261 nm 
against PBS at selected time points. Relative release was Fig. 1. Scheme of the microbead system.
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calculated by assuming uridine as the only UV-absorbing 
component (verified by experiment with "empty" PSA-
co-PCH beads without uridine), and neglecting sampling 
volume change (aa 0.5 mL vs 200 mL), according to equa-
tion, R = (A/Amax) *100%.

Solid state nuclear magnetic resonance (ss NMR) 
characterization of the beads

All solid state NMR spectra were measured at 11.7 T 
(Bruker Avance III HD 500 US/WB NMR spectrometer, 
Bruker, Karlsruhe, Germany) in 3.2-mm ZrO2 rotors, at 
spinning frequency of 20 kHz. The 13C cross-polarization 
magic angle spinning NMR spectra (13C CP/MAS NMR) 
were measured with CP contact time of 2 ms, repetition 
delay of 5 s, and number of scans ranging from 1024 to 
2048, to reach acceptable signal to noise ratio. However, 
the 13C MAS NMR spectra with direct excitation of 13C 
magnetization were recoded using an excitation of 90 de-
gree, 13C pulse of 2 μs, repetition delay of 10 s and 3600 
scans, to reach the acceptable signal to noise ratio. During 
the detection of 13C NMR signal, the high power dipolar 
decoupling, SPINAL-64 was applied, and the frictional 
heating of the spinning samples was mitigated by active 
cooling17. The temperature calibrations were performed 
with Pb(NO3)2, and glycine was used as an external stan-
dard to calibrate the 13C scale (176.03 ppm – low-field 
carbonyl signal).

In vitro biological evaluation
The demethylation and cytostatic/cytotoxic effects of 

the drug loaded microbeads were characterized in vitro, 
using the demethylation reporter cell line (HCT116-pFLJ-
H2B), developed and validated in our laboratories. The 
colorectal cancer cell line, HCT116 was stably transfected 
with the hypermethylated promoter, FLJ32130 tagged with 
EGFP, for reporting demethylation drug effects18, and fur-
ther transduced with histone 2B tagged with RFP, to stain 
the cell nuclei (LentiBrite™ Histone H2B-RFP Lentiviral 
Biosensor, EMD Millipore, Billerica, MA) for continu-

ous monitoring of cell counts, reflecting the cytostatic/
cytotoxic drug effects.

Using this reporter cell line, demethylation activity 
of the drugs can be assayed by quantifying the intensity 
of EGFP fluorescence following drug treatment. The 
intensity of EGFP fluorescence is directly proportional 
to demethylation potential of the drug, however, in un-
treated cells EGFP fusion protein would not be expressed. 
Likewise, cytostatic/cytotoxic drug effects can be moni-
tored by counting the cell numbers in untreated and ex-
perimental wells, under RFP channel, utilizing continuous 
live cell fluorescent imaging (Fig. 2).

Cell Culture and Drug Treatment: 
The reporter cell line was cultured in McCoy’s 5A 

medium, supplemented with 10% fetal bovine serum 
(PAN-Biotech GmbH, Aidenbach, Germany), 3 mM 
L-glutamine, 50 μg/mL streptomycin and 100 U/mL 
penicillin (Biotika, Slovenská Ľupča, Slovak Republic), 
at 37 °C and 5% CO2 in a humidified incubator. On day 
0, the cells were plated at the density of 2 × 104 cells per 
3.8 cm2 well on 6 well glass bottom plate (P06-1.5H-N, 
In Vitro Scientific, Sunnyvale, CA). After 24 h, drugs in 
powder formulations or microbeads were added in three 
different concentrations, viz. 25 μmol/L, 50 μmol/L and 
100 μmol/L. For powdered formulation of the drugs, 50 
mM solution was freshly prepared in DMSO (the final 
concentration of DMSO was below 0.1%), however, in 
case of drugs loaded in microbeads, weight equivalents of 
the solid microbeads were directly added to well plates, 
and volume of the culture medium was adjusted to main-
tain the required drug concentration. Untreated wells 
were marked as control for the baseline measurement.

High Content Cellular Imaging and Data Analysis: 
For monitoring the induced effects of the continuous 

drug release from the time-course dissolution of the micro-
beads in culture medium, cellular images were acquired at 
every 24 h intervals following treatment, from day 1 to day 

Fig. 2. Pictorial illustration of high content image analysis. [A] Untreated cells showing RFP nuclear fluorescence but no EGFP 
expression due to hypermethylated promoter. [B] Anticipated EGFP fluorescence following treatment with DNA methylation 
inhibitor, indicating promoter demethylation. Cytotoxicity was determined by counting the total number of cell nuclei (red, RFP), 
and demethylation was inferred by quantifying EGFP fluorescence (green). Objective: 20×, Scale bar - 100 μm.
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6, under wavelengths appropriate for excitation/emission 
(EGFP: 458 nm/525 nm, RFP: 555 nm/584 nm), utiliz-
ing high content imaging system (Operetta, PerkinElmer, 
Waltham, MA). Images were analyzed using image analy-
sis software (Columbus, PerkinElmer). Fig. 2, exemplify 
the pictorial diagram for high content image analysis.

For reporting demethylation, the analysis was inter-
preted as mean EGFP intensity per cell, calculated by 
dividing mean EGFP intensity per well with total num-
ber of cells in each well. However, the total number of 
cells counted under RFP channel was used to report the 
cytostatic/cytotoxic drug effects. At the end, EGFP fluo-
rescence intensities measured from day 1 to day 6 were 
integrated to calculate area under the curve (AUC) for 
demethylation, for each drug concentration separately. 
Similarly, total number of cells counted from day 1 to 
day 6 was integrated to calculate the AUC for cytotoxicity 
(GraphPad Prism version 6.01, GraphPad Software Inc., 
La Jolla, CA).

RESULTS AND DISCUSSION

Preparation of microbeads and characterization of 
in vitro release rate

The beads were prepared by solvent evaporation 
method. The polyanhydride, and/or DIC were dissolved 
in dry acetonitrile, and finely milled AZA or DAC (nearly 
insoluble in acetonitrile) were suspended subsequently. 
The suspension was emulgated in mineral oil thickened 
with polyisobutylene, to suppress the microparticle aggre-
gation, which is immiscible with acetonitrile and does not 
dissolve AZA, DAC, DIC or polyanhydride. The solvent 
(acetonitrile) was evaporated and droplets were formed 
into beads with desired inner architecture of microcrys-
tals embedded in spherical matrix, formed by polymer 
or polymer with dissolved DIC. The average size of the 
microparticles was 300 μmol/l in all cases, see Fig.3A for 
typical micrograph.

Different formulations of azanucleosides prepared in 
microbeads were 5% DAC, 5% AZA, 30% DAC, and 30% 
DAC + 10% DIC.

To characterize the in vitro release rate of azanucleo-
sides, uridine was used as the model, due to its similar 

Fig. 3. [A] The polymer beads with embedded AZA crystals. Magnification: 10×, bar = 1 mm. [B] In vitro release of 10, 20, and 
30 wt. % uridine loadings from the beads into PBS (pH 7.4) at 37 ºC. [C] Surface of the microparticles under scanning electron 
microscopy. [D] Typical histogram of the size distribution of the microparticles,weighted by volume fraction (Mie scattering).



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2016 Jun; 160(2):222-230.

226

physical and chemical properties with AZA and DAC, 
and chemical stability, unlike hydrolytically labile AZA 
and DAC (ref.5). Besides, at 261 nm, uridine is only UV-
absorbing component in uridine-polyanhydride system, 
both before and after degradation.

Initially, beads were incorporated with five different 
loadings of uridine viz., 10, 20, 30, 40 and 50 wt. % of 
beads respectively. However, maximal loading to keep the 
microparticles cohesive was 30 wt. %, and loadings of 40 
and 50 wt. % were not coherent, so only beads with 10, 20 
and 30 wt. % uridine were tested for release.

Further, as seen in Fig. 3B, formulations with 10 and 
20 wt. % loading showed relatively fast release within first 
5 h, until the release of ca 80% uridine, followed by sig-
nificant slower release. Adversely, beads with 30 wt. % 
loading released uridine more slowly amongst all with 
zero order kinetics (R2 = 0.984 for linear regression), and 
the release rate of 10.0 %/h within first 5 h, followed by 
significant slower release. The beads with 30 wt. % loading 
were therefore able to maintain the level of drugs in outer 
environment, considerably longer than the typical plasma 
half-life of free azanucleosides.

Surface of the microparticles (Fig. 3C) as well as their 
size distribution (Fig. 3D), both may have influence on 
the release rate. In accordance with the release data, sur-
face of the microparticles is smoothly and continuously 
covered with polymer, sufficient to provide defined re-
lease rate from the beginning. On the other hand, the mi-
croparticles are somehow polydisperse in size (Fig. 3D), 
but with negligible effect on the release rate (Fig. 3B).

Release of DIC from the beads was also confirmed by 
the test (data not shown), but experiment was complicat-
ed by the limited solubility of DIC in the concentrations 
suitable for "100% release" of azanucleosides15.

Structural ss-NMR analysis
For structural confirmation of the particles, disper-

sion with 30 wt % DAC and 10 wt. % DIC was chosen 
for further study by solid state NMR spectroscopy. 
Interpretation of the recorded data is based on previous 
comprehensive structural ss-NMR analyses of various po-
lymeric solid dispersions of active compounds19-20, see Fig. 
4 for the chemical structures.

The narrow well-resolved signals detected in 13C CP/
MAS NMR spectra of powdered DAC and DIC (Fig. 5A 
and 5B respectively) indicated a single-phase highly crys-
talline character of the active pharmaceutical ingredients 
(APIs), used for the preparation of solid dispersions. In 
contrast, the structure of PSA-co-PCH copolymer matrix 
was far complicated, as followed from the comparison of 
13C CP/MAS and 13C MAS NMR spectra (Fig. 5C and 
5D respectively), optimized for selective measurements 
of rigid (crystalline), and mobile (amorphous) phases 
respectively. While the 13C CP/MAS NMR spectrum 
of PSA-co-PCH copolymer was dominated by the set of 
strong narrow lines at 168, 36, 34, 33 and 25 ppm, attrib-
uted to highly crystalline PSA block (carbons 5, 1, 4, 3, 
2 respectively), the 13C MAS NMR spectrum consisted 
of the narrow signals at 170, 35, 29, 28 and 24 ppm, cor-
responding to highly mobile PSA segments in amorphous 
phase (carbons 5, 1, 4, 3, 2 respectively). Furthermore, 
the presence of immobilized amorphous PSA blocks was 
indicated by a weak broad signal at ca. 29 ppm, and pres-
ence of amorphous PCH segments was indicated by the 
weak signals at ca. 41 and 27 ppm, corresponding to the 
carbons 6 and 7, 8 respectively, recorded in 13C CP/MAS 
NMR spectrum (Fig. 5C). Besides, the weak signals, par-
ticularly detected in 13C MAS NMR spectrum (Fig. 5D) 
correspond to monomer units that couple PSA and PCH 

Fig. 4. Chemical structures of the components. The copolymer, 
PSA-co-PCH, and the active pharmaceutical ingredients, DAC 
and DIC.

Fig. 5. The 13C CP/MAS NMR spectra of [A] Decitabine, [B] 
Diclofenac and [C] PSA-co-PCH copolymer, and [D] the 13C 
MAS NMR spectrum of the PSA-co-PCH copolymer.
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blocks. These spectra thus clearly reflect the heteroge-
neous character of the PSA-co-PCH copolymer that con-
sists of both, rigid (crystalline) and mobile (amorphous) 
phase of PSA blocks, and PCH segments that are spread 
in both phases (rigid and mobile). Overall, it is clear that 
structure of the prepared solid dispersions, DAC/PSA-co-
PCH, DIC/PSA-co- PCH, and DAC+DIC/PSA-co-PCH 
are hardly predictable.

ss NMR, characterizing the distribution of APIs 
in copolymer matrix

The recorded 13C CP/MAS and 13C MAS NMR spec-
tra of the solid dispersions further revealed the consider-
able differences in the distribution of DIC and DAC in 
the copolymer matrix.

Specifically, the set of narrow and well-resolved sig-
nals of DAC were clearly detected in 13C CP/MAS NMR 
spectrum. The resonance frequencies of these signals 
were identical with the resonance frequencies recorded 
for pure, crystalline DAC, indicating unchanged polymor-
phic form of DAC. In contrast, DAC signals were absent 
in corresponding 13C MAS NMR spectrum, measured 
with a relatively short repetition period. These facts in-
dicated that in DAC/PSA-co-PCH solid dispersion, the 
molecules of DAC were partly phase-separated, forming 
nano crystalline domains. Moreover, preliminary 13C de-
tected T1(

1H) relaxation experiments showed incomplete 
1H polarization transfer between crystalline DAC and 

crystalline fraction of PSA, indicating the close contact 
of these fractions. Thus, crystallites of decitabine are 
probably surrounded by the crystalline fraction of PSA-
co-PCH copolymer (Fig. 6A).

In contrast to DAC/PSA-co-PCH solid dispersion, the 
signals of the active compound (DIC) in DIC/PSA-co-
PCH system were detected only in single-pulse 13C MAS 
NMR spectrum, while in 13C CP/MAS NMR spectrum, 
only the signals of crystalline rigid fraction of PSA blocks 
were identified. Thus, the presence of extremely narrow 
signals of DIC (<35 Hz) in 13C MAS NMR spectrum, and 
the absence of the corresponding signals in 13C CP/MAS 
NMR spectrum, confirmed nearly unrestricted molecular 
motion of DIC molecules in DIC/PSA-co-PCH solid dis-
persion. Consequently, it can be assumed that the active 
compound (DIC) is molecularly dispersed (dissolved) in 
highly mobile, amorphous fraction of PSA-co-PCH matrix 
(Fig. 6B).

However, the most complicated spectra were recorded 
for the triple-component solid dispersion, DAC+DIC/
PSA-co-PCH, where both the active compounds incorpo-
rated in PSA- co-PCH copolymer matrix were detected in 
13C MAS NMR spectrum (red line) as broad unresolved 
signals, whereas, the corresponding signals were not de-
tected in 13C CP/MAS NMR spectrum (blue line). The 
observed broadening of the signals in 13C MAS NMR 
spectrum, and the absence of the signals in 13C CP/MAS 
NMR spectrum thus indicated considerably disordered 

Fig. 6. The 13C CP/MAS (blue lines) and 13C MAS (red lines) NMR spectra, and the schematic 
structural representation of the solid dispersions. [A] DAC/PSA-co-PCH, [B] DIC/PSA-co-PCH 
and [C] DAC+DIC/PSA-co-PCH.
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and amorphous character of both APIs. In consistence 
with the molecular mobility, the molecules of DAC and 
DIC probably exhibit restricted high- amplitude motions. 
On one hand, the motion is sufficiently fast to destroy the 
static 1H-13C dipolar couplings, disallowing the detection 
of the cross-polarization signals. On other hand, the mo-
tion is too slow to completely remove the signal broaden-
ing, resulting from the conformational and orientational 
non-equivalence of the molecules of APIs in amorphous 
phase. This further indicates the weak interactions be-
tween APIs and the polymer matrix. Thus, molecules of 
APIs are either dispersed in the amorphous, semi-flexible 
phase of PSA, and/or form nano-size clusters. For dis-
crimination of these possibilities, more extensive experi-
mentation is required. However, the detailed structural 
analysis of the prepared multicomponent systems, cur-
rently under progress, is beyond the scope of this litera-
ture (Fig. 6C).

In conclusion, solid-state 13C NMR experiments, op-
timized for domain-selective detection of the rigid, and/
or mobile fractions, enabled the primary characterization 
of the multicomponent solid dispersions of DAC and 
DIC, in semi-crystalline PSA-co-PCH copolymer matrix. 
Noticeably, three types of solid dispersions (DAC/PSA-co-
PCH, DIC/PSA-co-PCH, and DAC+DIC/PSA-co-PCH), 
each exhibiting different molecular structures were ana-
lyzed. While, the DAC/PSA-co-PCH solid dispersion was 
distinguished as a partially phase-separated system with 
crystalline domains of DAC probably surrounded by the 
crystalline fraction of PSA blocks, the DIC/PSA-co-PCH 
system was basically homogenous with highly mobile mol-
ecules of DIC dispersed in flexible amorphous fractions 
of PSA chains. Whereas, the three-component solid dis-
persion, DAC+DIC/PSA-co-PCH exhibit far complicated 
structure in which both active compounds form amor-
phous semi- flexible phase dispersed in the copolymer 
matrix. Also, clustering of the molecules of APIs can be 
assumed.

Biological interpretation of the therapeutic efficacy
The time-course analysis of the observed biological 

effects of various formulated solid dispersions with differ-
ent loadings of APIs viz., 5% DAC, 5% AZA, 30% DAC, 
30% DAC +10% DIC, and powder formulations of the 
respective drugs (DAC and AZA), clearly demonstrated 
the exponential increase in the demethylation activity, in 
a time dependent manner until day 5, after which begin 
the gradual decrease. Parallel was observed for cytotox-
icity. On comparing the powder drugs with microbeads 
for demethylation activity, microbeads were less effective 
at 25 μmol/L concentration with low significant differ-
ences which started reducing at higher concentrations, 
and effect of microbeads was nearly equivalent or higher 
at 100 μmol/l concentration. In case of cytotoxicity, the 
differences between powder drugs and microbeads were 
almost negligible at 25 μmol/L and at higher concentra-
tions, comparatively better results were observed for mi-
crobeads.

However, formulation with additional diclofenac (30% 
DAC + 10% DIC) showed least demethylation and cytotox-

ic effects, indicating decreased drug efficacy for additional 
diclofenac. The decrease in hypomethylation efficacy in 
the presence of diclofenac may probably be a pharmaco-
logical interaction on cell- biochemical level, since the two 
molecules differ significantly in their physico-chemical 
interactions, under relevant conditions. However, after 
further optimization of the ratio (DAC:DIC), the effect 
of the anti- inflammatory drug, diclofenac is expected to 
remain local to the application site, as intended, while the 
effect of the hypomethylation drug, decitabine would be 
systemic (Fig. 7).

At last, considering the fact that the polymeric mi-
crobeads used for loading drugs may exhibit auto fluo-
rescence or significant cytotoxicity, resulting in false 
interpretation of the results, beads without loaded DAC 
or AZA was also incorporated during the experiment 
(100% polymer, 30% diclofenac, 5% uridine), but the val-
ues obtained were similar to the untreated cells (data not 
shown).

Besides, the present study was performed in cell cul-
ture system and it was difficult to analyze the demeth-
ylation profile after day 6, due to increasing number of 
dead cells in experimental wells because of high drug con-
centrations used, and the confluency attained in control 
wells. Also, it was not suitable to perform the experiment 
using drug concentration lower than 25 μmol/L due to 
difficulty in weighing low amount of beads, and the con-
centrated molar solutions were not possible for this type 
of experiment. However, on the basis of microscopic ob-
servations, we assume that if the experiment is prolonged, 
the effects of microbeads will overcome the powder drug 
formulation, which is subjected to rapid chemical decom-
position in aqueous solution after a short life span.

Moreover, the hypomethylation efficacy may also be 
influenced by the fact that the inhibition of DNMTs by 
azacytidine nucleosides is irreversible, and the turnover 
of the enzyme in a cell is relatively slow, so even a short 
exposition to free azanucleosides may have effect in vitro 
due to high concentrations, causing immediate distribu-
tion of the drug within the cultivation well. On contrary, 
sufficiently long exposition is required in vivo for proper 
exposition of all malignant cells within the organism.

CONCLUSION

In this study, we sought to elucidate the induced 
demethylation and cytotoxic effects of DAC and AZA 
loaded in biodegradable microbeads, in comparison with 
the powder formulations, and we report almost negligible 
or no differences between powder drug formulations and 
microbeads, at lower concentration, instead, at higher 
concentrations, we discovered equivalent or increasing 
effects of the drugs loaded in microbeads.

Besides, on comparing the microbeads formulations 
with different loadings of azanucleoside drug (DAC), no 
significant difference was observed. Therefore, it may be 
advantageous (as in most cases) to achieve as high drug 
loading as possible, without compromising the physico-
chemical and biological properties. This will significantly 
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Fig. 7. Characterization of demethylation and cytotoxic effects induced by DAC and AZA: powder drug formulation vs microbeads. 
Demethylation [A], and Cytotoxicity [E], represent schematic plot for calculation of AUC at 25 μmol/L, AUC for demethylation 
was calculated from the mean EGFP intensity per cell, quantified from day 1 to day 6, similarly, AUC for cytotoxicity was calcu-
lated using number of cells. [B – D], show AUC plots for demethylation, and [F – H], show AUC plots for cytotoxicity. Values are 
means ± S.D, n = 3. Statistical significance, *P  0.05, **P  0.005, ***P  0.0005, was determined by comparing DAC, powder drug 
with its various formulations in microbeads, likewise, AZA, powder drug with its formulation in microbeads. At 25 μmol/L, the 
microbeads were less effective with few significant differences, and at 50 μmol/L and 100 μmol/L, almost no significant differences 
were observed, instead, microbeads seemed equally or more effective. 30% DAC+10% DIC was comparatively less effective than 
DAC. No statistical significance was determined on comparing the high drug loading (30% DAC) with low drug loading (5% DAC).
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reduce the amount of additional excipients and adjuvants 
(which should be eliminated from the organism after use), 
and also reduce the application volume for injection.

In conclusion, this study predicts that the substitution 
of the powder drug formulations of DAC and AZA, for 
injections, with drugs loaded microbeads, may increase 
the plasma circulation time of these hydrolytically labile 
drugs, and release the patients from the painful treatment 
therapy by reducing the number of intravenous injections 
per cycle of the treatment, on account of the chemical 
decomposition of the powder drug in aqueous solution.

To our knowledge, this is the first demonstration of the 
comparative effects of the powder, and the biodegradable 
microbeads formulations for the studied drugs in vitro, 
however, the complex preclinical data still needs to be 
determined.
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