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ABSTRACT: This study reports, first, on the preparation and
cross-linking of multilayers composed of poly(2-isopropyl-2-
oxazoline-co-ethyleneimine) (PiPOX-PEI) and tannic acid (TA).
PiPOX was synthesized by cationic ring-opening polymerization
(CROP) and partially hydrolyzed, yielding a random copolymer
PiPOX-PEI. It was then coassembled at the surface with TA using
the layer-by-layer (LbL) technique. Multilayers were exposed to
NaIO4 solution to induce covalent bond formation between PEI
units of PiPOX-PEI and TA. Cross-linking with NaIO4 enhanced
the stability of the multilayers, especially under basic conditions.
Second, the potential of PiPOX-PEI and TA multilayers as a
stimuli-responsive dual drug-releasing platform was examined using
curcumin (CUR) and doxorubicin (DOX) as model drugs. These
drugs were chosen as they can act in a combinatorial manner to increase cell death. The surface of CUR-containing CaCO3
microparticles was modified with PiPOX-PEI and TA multilayers and postloaded with DOX. We found that LbL particles could
release DOX in a pH-responsive manner, whereas temperature-induced release was observed only when the temperature was raised
above 40 °C. The DOX and CUR released from the LbL particles could act synergistically on HCT-116 cells. Cross-linking
increased the DOX release from LbL particles but decreased the CUR release from the core. Corroborating the release data, the
synergy observed with the non-cross-linked particles was lost with the cross-linked particles, and the decrease in the viability of
HCT-116 cells was attributed mainly to the release of DOX. Overall, we describe here NaIO4-induced cross-linking of PiPOX-PEI/
TA LbL films, the effects of pH, temperature, and cross-linking on DOX and CUR release from multilayers, and comparison of the
combinatorial effect of DOX and CUR for cross-linked and non-cross-linked LbL microparticles through cell viability assays.

1. INTRODUCTION
Poly(2-alkyl-2-oxazoline)s (PAOXs) are polyamides, which are
synthesized through cationic ring-opening polymerization of 2-
oxazolines.1 PAOXs were discovered in the 1960s,2 and since
then, have been extensively studied due to their unique
properties arising from their polyamide backbone and
structural versatility. PAOXs draw attention to biomedical
applications due to their biocompatible, antifouling, stealth,
and nontoxic properties.3 Besides, they can be chemically
modified through their side groups for the preparation of
antimicrobial surfaces, micelle drug carriers, and drug−
polymer conjugates.2 Among PAOXs, poly(2-isopropyl-2-
oxazoline) exhibits lower critical solution temperature
(LCST) behavior close to body temperature (36−39 °C4),
thus it has become of interest for biomedical fields including
chemosensor,5 drug delivery6, and tissue engineering7

applications. Of note, PiPOX is the constitutional isomer of
poly(N-isopropyl acrylamide) PNIPAM, which is a widely
used temperature-responsive polymer (LCST ∼ 32 °C) in

biomedical applications. The hysteresis observed for PiPOX
during reversible phase change between 26 and 46 °C was
reported to be lower than that for PNIPAM, making PiPOX
advantageous over PNIPAM for the preparation of reversible/
switchable smart materials.8

Layer-by-layer (LbL) self-assembly is a thin film fabrication
technique based on alternating deposition of interacting
polymers onto a surface. It is preferred especially for
biomedical applications due to the possibility of using water-
soluble polymers to functionalize surfaces or prepare multilayer
platforms for the incorporation/release of biologically func-
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tional molecules. The lower toxicity of neutral polymers
compared to polycations has made hydrogen bonding-driven
LbL films more advantageous over electrostatic multilayers.9

LbL technology can also be applied to micrometer- and
submicrometer-sized colloidal particles. Melamine formalde-
hyde, silica, polystyrene, and calcium carbonate particles are
the most widely used three-dimensional (3D) substrates for
LbL deposition.10 Among these substrates, CaCO3 micro-
particles are preferred for drug delivery applications due to
relatively easy and low-cost synthesis, pH-responsiveness, and
properties such as biodegradability, nontoxicity, biocompati-
bility, and high loading capacity (LC).11 Apart from these,
calcium carbonate substrates are also advantageous for
obtaining LbL hollow capsules due to easy removal through
treatment with ethylenediaminetetraacetic acid (EDTA) or
exposure to slightly acidic conditions.
The increasing interest toward PAOXs and the numerous

advantages of the LbL technique has drawn attention toward
the preparation of PAOX-based multilayer assemblies. After
the first studies on LbL deposition of various PAOXs with
polyacids,12−15 the potential applications of PAOX-based
multilayers such as the preparation of antiadhesive surfa-
ces,16−18 stimuli-responsive drug/macromolecule releasing
platforms,6,17 antibacterial surfaces,19 intracellularly degrad-
able20 polymer capsules have been reported. Although there
are several studies concerning the functionalization of surfaces
using PAOXs through the LbL self-assembly technique, there
are still challenges to address in the use of PAOX-based LbL
films for biomedical applications. For example, PAOXs are
neutral polymers, and their LbL films are constructed through
hydrogen bonding interactions. This may lead to long-term
stability problems in biomedical applications since hydrogen
bonding is sensitive to pH, ionic strength, and temperature of
the environment. Stabilization of multilayers composed of
PAOXs and poly(carboxylic acid)s has been reported. Partially
hydrolyzed poly(2-ethyl-2-oxazoline) (PEOX-PEI) and poly-
(acrylic acid) multilayers were stabilized by thermal cross-
linking through amide bond formation.16,21 Stabilization of
multilayers composed of poly(methacrylic acid) and PAOXs
containing alkene and alkyne moieties has been achieved
through thiol−ene and copper-catalyzed azide−alkyne cyclo-
addition reactions, respectively.18 Cross-linking of thiol-
containing PEOX and poly(methacrylic acid) through disulfide
formation was also reported.20

Different from the studies mentioned above, we report here
the cross-linking of hydrogen-bonded PAOX-based multi-
layers, where the hydrogen-donating polymer is a polyphenol.
Specifically, PiPOX was partially hydrolyzed, yielding a random
copolymer PiPOX-PEI which was coassembled at the surface
with tannic acid (TA). Multilayers were exposed to NaIO4
solution to induce covalent bond formation between the PEI
units of PiPOX-PEI and TA. We next examined whether this
system can be used as a platform for the delivery of multiple
drugs. Doxorubicin (DOX) is a chemotherapy drug that slows
the growth of cancer cells and has been used to treat breast
cancer, bladder cancer, lymphoma, and lymphocytic leuke-
mia.22 Curcumin (CUR) is a natural polyphenol with anti-
inflammatory, antimicrobial, and antioxidant properties.23

CUR also exhibits antitumor activity by affecting various
biological pathways involved in apoptosis, cell-cycle regulation,
tumorigenesis, and metastasis.24 When CUR and DOX are
used together, the DOX-induced toxicity on the heart, kidney,
liver, brain, and reproductive organs was found to diminish due

to the antioxidant and apoptosis induction effects of CUR.25

Besides, codelivery of DOX and CUR through various delivery
platforms has been reported to achieve synergistically
enhanced inhibition of cancer cell growth.26−29 The number
of studies reporting the codelivery of DOX and CUR from LbL
microparticles or LbL hollow capsules is limited. A study by
Patil and co-workers has shown that chitosan/nanocrystalline
cellulose multilayers with DOX postloading could release
DOX, whereas the same multilayers could be used to release
CUR if nanocrystalline cellulose was loaded with CUR prior to
LbL self-assembly.30 In this study, we LbL-modified the surface
of CUR-containing CaCO3 microparticles with PiPOX-PEI
and TA and postloaded with DOX. The effects of pH,
temperature, and cross-linking on DOX and CUR release from
LbL microparticles were examined. Finally, the effect of the
combinatorial release of CUR and DOX on the viability of
HCT-116 cells was compared with particles containing DOX
or CUR alone. Moreover, comparison of the combinatorial
effect of DOX and CUR for cross-linked and non-cross-linked
LbL microparticles was also discussed. The fundamental
information generated in this study may form a basis for the
development of stimuli-responsive carriers for drug release.

2. MATERIALS AND METHODS
2.1. Materials. Phosphate-buffered saline (PBS) (tablet),

sodium carbonate (Na2CO3) (powder, ≥99.5%, ACS reagent),
CUR, poly(sodium 4-styrenesulfonate) (PSS) (70,000 g/mol),
poly(vinylpyrrolidone) (PVP) (10,000 g/mol), ethanolamine
(>99%), cadmium acetate dihydrate (98%), α-bromoisobutyryl
bromide (98%), acetonitrile (>99.9%), 2-butanol (>99%),
branched poly(ethyleneimine) (BPEI) (25,000 g/mol), and
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich Chemical Co. DOX hydrochloride was purchased from
European Pharmacopoeia RSs. Calcium chloride anhydrous
(CaCl2) was purchased from CARLO ERBA Reagents. Sodium
dodecyl sulfate (SDS) was purchased from BioShop Canada
Inc. Ethanol (≥99.9%) was purchased from Isolab Chemicals.
Hydrochloric acid (HCl) fuming (37%), sulfuric acid (H2SO4)
(98%), sodium dihydrogen phosphate dihydrate (NaH2PO4·
2H2O), TA (1701 g/mol), sodium hydroxide (NaOH)
(pellet), and Spectra/Por 7 regenerated cellulose dialysis
membrane (molecular weight cut off: 3.5 kDa) were purchased
from Merck Chemicals. Deionized (DI) H2O was purified by
passage through a Milli-Q system (Millipore) at 18.2 MΩ.
Roswell Park Memorial Institute (RPMI)-1640 medium, fetal
bovine serum (FBS), and L-glutamine were purchased from
Biological Industries (Beit Haemek, Israel). HEK293T cells
were a kind gift from Assist. Prof. Ahmet Acar (METU). HCT-
116 cells were purchased from DKFZ (Heidelberg, Germany).
Plasmocin was purchased from InvivoGen (San Diego, CA). 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Vybrant MTT assay kit was purchased from Invitrogen
(Carlsbad, CA). Coomassie protein assay reagent and M-
PER mammalian protein extraction reagent were purchased
from Thermo Scientific. Complete mini-ethylenediaminetetra-
acetic acid (EDTA)-free protease inhibitor cocktail and
PhosSTOP phosphatase inhibitor were purchased from
Roche, Germany. Dulbecco’s phosphate-buffered saline (D-
PBS) was purchased from Biowest (Nuaille,́ France). T25,
T75, and other cell culture plates were purchased from Greiner
Bio-One (Kremsmünster, Austria).

2.1.1. Synthesis of 2-Isopropyl-2-oxazoline (iPOX). The
same procedure with our recent study was used.31 Ethanol-
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amine (0.052 mol, 3.52 mL) was mixed with isobutyronitrile
(0.043 mol, 3.9 mL). Cadmium acetate dihydrate (1.08 mmol,
0.29 g) was added to this mixture, followed by refluxing at 130
°C for 20 h under an argon atmosphere. The product was
distilled under low pressure at 50 °C and separated from
unreacted ethanolamine and isobutyronitrile. It was dried with
CaH2 and redistilled under vacuum. 1H NMR (CDCl3, 400
MHz): δ (ppm) = 4.25 (t, 2H, −OCH2), 3.75 (t, 2H, �
NCH2), 2.55 (m, 1H, −CCH), 1.17 and 1.19 (d, 6H, −CH3)
(Figure S1).

2.1.2. Synthesis of PiPOX. The same procedure with our
recent study was used.31 iPOX and acetonitrile were dried
using CaH2. 41 mmol of iPOX was dissolved in 5.35 mL of
acetonitrile under an inert atmosphere. 0.4 mmol of α-
bromoisobutyryl bromide was added to this solution under
stirring. The reaction vessel was placed in an oil bath at 80 °C.
After 72 h, the mixture was cooled to room temperature.
Polymerization was terminated by adding 1.2 mmol of 2-
butanol and the solution was stirred at 80 °C for 2 days.
Afterward, the solvent was removed using a rotary evaporator.
The product was dissolved in DI water and dialyzed against DI
water for 2 days. Finally, the solution was freeze-dried. 1H
NMR (CDCl3, 400 MHz): δ 3.50 (s, 4H, −(CH2−CH2−
N)−), 2.9 and 2.7 (m, 1H, −CH), 1.12 (d, 6H, −CH3)
(Figure S2). Gel permeation chromatography (GPC) traces of
PiPOX: Mn = 6125 g/mol, PDI 1.2 (Figure S3).

2.1.3. Synthesis of PiPOX-PEI. PiPOX-PEI was synthesized
using a procedure described before.32 0.16 g of PiPOX was
dissolved in 3 mL of concentrated HCl solution. This solution
was stirred at 500 rpm at 100 °C for 6 h. Afterward, the
solution was cooled to room temperature.15 mL of 6 M NaOH
was added to the polymer solution until it became basic. The
polymer solution was dialyzed against DI water for 1 day and
freeze-dried. The peak at 2.65 ppm was correlated with the
protons associated with the PEI units and indicated successful
hydrolysis of PiPOX (Figure S4). The percent hydrolysis of
PiPOX-PEI was calculated by the following equation. The
degree of hydrolysis was calculated as ∼20%.

= ×
+

+ +

( )
( )

degree of hydrolysis (%)

100
b d

a b d

area ( ) area

area ( ) area ( ) area

a

a
4

4

2.1.4. Synthesis of CUR-Containing CaCO3 Microparticles.
Synthesis of CUR-containing CaCO3 the microparticles were
optimized in our recent study31 using a procedure described
before with slight modifications.33 25 mg of CUR was
dissolved in 5 mL of ethanol. 50 mg of SDS and 50 mg of
PVP were added into this solution and mixed on a magnetic
stirrer at 1000 rpm for 1 h. Ten milligrams of PSS was added
to 5 mL of 0.3 M Na2CO3 solution and stirred for 1 h at 1000
rpm. SDS/PVP/CUR solution in ethanol was added to 5 mL
of 0.3 M Na2CO3 solution containing PSS and mixed at 1000
rpm for 5 min. Five milliliters of 0.3 M CaCl2 solution was
added to this mixture in a controlled manner for 40 s (1 mL
added after every 8 s) and then mixed for 2 min. CUR-
containing CaCO3 microparticles were separated by vacuum
filtration, washed with 50 mL of DI water, and dried in an oven
at 60 °C for 1 h. Figure S5 shows the attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectrum,
X-ray diffraction (XRD) pattern, scanning electron microscopy
(SEM) image, and particle size distribution of CUR-containing
CaCO3 microparticles.

The amount of CUR that was incorporated into CaCO3
microparticles was determined by calculating the amount of
CUR that remained in the filtrate after the filtration of CaCO3
microparticles and subtracting this amount from the amount of
CUR added during the synthesis (25 mg). The fluorescence
intensity of CUR in the filtrate was too high and lied outside
the linear range in the calibration curve. Thus, 25 μL of 15 mL
filtrate was diluted at a ratio of ∼ 1:13,000 using ethanol/PBS
mixture containing 60% of ethanol by volume. The calibration
curve for quantification of CUR amount in CUR-containing
CaCO3 microparticles is represented in Figure S6. The CUR
encapsulation efficiency (EE) % and loading capacity (LC) %
of the microparticles were calculated as 29.9 ± 0.8 and 5.5 ±
0.1%, respectively, using the following equations

= ×EE%
encapsulated mass of drug

total mass of drug
100

= ×LC%
encapsulated mass of drug
total mass of microparticle

100

For the control experiments, CaCO3 microparticles prepared
in the absence of CUR were also used. Briefly, 20 mg of PSS
was added to 10 mL of 0.3 M Na2CO3 solution and mixed at
1000 rpm for 1 h. 0.3 M CaCl2 solution was prepared in a
separate beaker. Ten milliliter of 0.3 M CaCl2 solution was
added to 10 mL of 0.3 M Na2CO3 solution containing PSS and
mixed at 1000 rpm for 30 s. CaCO3 microparticles were
separated by vacuum filtration, washed with 50 mL of DI
water, and dried in an oven at 60 °C for 1 h.34

2.2. Deposition of PiPOX-PEI/TA Multilayers. Prior to
film deposition, silicon wafers were immersed in acetone at 50
°C for 10 min. Then, the wafers were immersed in methanol at
25 °C for 3 min, followed by rinsing with DI water and drying
under a nitrogen gas flow. The wafers were immersed in
concentrated sulfuric acid for 85 min and then rinsed with DI
water. Then, the surfaces were immersed in 0.25 M NaOH
solution for 10 min and rinsed with DI water. A layer of BPEI
was deposited at the surface of the silicon wafers to improve
the adhesion of subsequent layers. The wafers were dipped
into 0.5 mg/mL BPEI solution (pH 5.5, prepared in 10 mM
phosphate buffer solution) for 30 min and then rinsed for 2
min in 10 mM phosphate buffer solution (pH 5.5). 0.2 mg/mL
TA solution (pH 6.5) and 0.2 mg/mL PiPOX-PEI (pH 6)
solution were prepared by dissolving TA and PiPOX-PEI in 10
mM phosphate buffer. BPEI-coated silicon wafers were first
immersed in TA solution for 15 min. Afterward, the silicon
wafers were washed twice (2 min each) by immersing the
substrates in 10 mM phosphate buffer solution (pH 6.5).
Then, the substrates were immersed in PiPOX-PEI solution for
15 min, followed by two rinsing steps using 10 mM phosphate
buffer at pH 6 (2 min each) by immersing the substrates in 10
mM phosphate buffer solution (pH 6). This cycle was
continued until the desired number of layers was deposited
at the surface. Film thickness was measured after each layer by
using a spectroscopic ellipsometer.
For cross-linking of PiPOX-PEI/TA multilayers, 14-layer

PiPOX-PEI/TA films were immersed into 10 mM NaIO4
solution (prepared in 10 mM phosphate buffer) at pH 5 for
5 min and then rinsed twice for 2 min using 10 mM phosphate
buffer solution (pH 5).
For QCM-D measurements, a QCM-D sensor with a quartz

crystal surface coated with gold (Au) was cleaned via
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immersion into a mixture composed of DI water/25%
ammonia/30% hydrogen peroxide solution with a volume
ratio of 5:1:1 at 75 °C for 5 min. The sensor was rinsed with
DI water and dried with N2 gas. PiPOX-PEI and TA solutions
were prepared as described above. The sensor was pre-
equilibrated with pH 6 phosphate buffer (rinsing solution of
PiPOX-PEI) for a minimum of 30 min to establish a stable
baseline. PiPOX-PEI, TA, and rinsing solutions were purged
into the sensor chamber at a flow rate of 150 μL/min.
Throughout the measurements, the temperature was set to 22
°C. For cross-linking, 10 mM NaIO4 (pH 5 phosphate buffer)
was purged into the sensor for 5 min and rinsed for 5 min with
pH 5 phosphate buffer after deposition of the multilayers.
For UV−vis spectroscopy measurements, multilayers were

deposited onto a quartz substrate, and the absorbance of
multilayers was measured.

2.3. Stability of Multilayers. Cross-linked and non-cross-
linked 14-layer PiPOX-PEI/TA films were immersed into PBS
at either increasing or decreasing pH. The duration of
immersion was 30 min for each pH. The temperature of the
solutions was 25 °C. Multilayers were rinsed for 2 min using
10 mM phosphate buffer prior to ellipsometric thickness
measurements. For time-dependent evolution of thickness
measurements, 14-layer PiPOX-PEI/TA films were immersed
in PBS at pH 7.4/37 °C and pH 5.5/37 °C. The films were
taken out from the solutions at specific time intervals and
rinsed using 10 mM phosphate buffer for 2 min prior to
thickness measurements. Fractions retained at the surface were
calculated by dividing the thickness of the multilayers by the
initial thickness.

2.4. Deposition of PiPOX-PEI/TA Multilayers onto
CUR-Containing CaCO3 Microparticles. Ten milligrams of
CaCO3 microparticles were placed in an Eppendorf tube and
dispersed in 2 mL of 10 mM phosphate buffer solution (pH
6.5) for 1 h using a vortex shaker. Microparticles were
precipitated through centrifugation at 3500 rpm for 1 min. The
precipitate was dispersed for 20 min in 2 mL of 1 mg/mL TA
solution (prepared in 10 mM phosphate buffer solution at pH
6.5) using a vortex shaker. Microparticles were precipitated by
centrifugation at 3500 rpm for 1 min. For rinsing, the
precipitate was dispersed in 10 mM phosphate buffer solution
(pH 6.5) for 1 min using a vortex shaker and precipitated
through centrifugation at 3500 rpm for 1 min. The rinsing
process was repeated twice. For the second layer, the
precipitated microparticles were dispersed in 2 mL of 0.5
mg/mL PiPOX-PEI solution (prepared in 10 mM phosphate
buffer solution at pH 6) for 15 min using a vortex shaker.
Microparticles were precipitated through centrifugation at
3500 rpm for 1 min. For rinsing, the precipitate was dispersed
in 10 mM phosphate buffer solution (pH 6) for 1 min using a
vortex shaker and precipitated through centrifugation at 3500
rpm for 1 min. The rinsing process was repeated two times.
This cycle continued until five layers of PiPOX-PEI/TA were
deposited onto CaCO3 microparticles. The deposition time
was 15 min for all layers except the first TA layer which was 20
min. 0.5 mg/mL TA solution was used for the second and
third TA layers.
For cross-linking, LbL-coated microparticles were dispersed

in 10 mM NaIO4 solution (prepared in 10 mM phosphate
buffer at pH 5) for 5 min using a vortex shaker. The particles
were precipitated through centrifugation at 3500 rpm for 1 min
and then rinsed twice (2 min each) using 10 mM phosphate
buffer solution at pH 5.

2.5. Postloading and Release of DOX into/from LbL-
Coated Microparticles. Five mg of CUR-containing CaCO3
microparticles coated with five layers of PiPOX-PEI/TA were
dispersed in 1 mL of 0.1 mg/mL DOX solution (prepared in
10 mM phosphate buffer at pH 7.4) and vortexed at 1600 rpm
for 1 h. Of note, cross-linking was performed prior to DOX
loading in the case of cross-linked LbL particles. The particles
were precipitated by centrifugation at 3500 rpm for 1 min and
redispersed in 10 mM phosphate buffer at pH 7.4 to remove
weakly bound DOX molecules. The supernatant was collected,
and the amount of DOX was determined by using calibration
curves. The amount of DOX loaded into LbL-coated CUR-
containing CaCO3 microparticles was approximated by
subtracting the amount of DOX in the supernatant from the
amount of DOX in the postloading solution. The calibration
curve for quantification of the loaded DOX amount is
represented in Figure S7. The DOX EE % and LC % of the
non-cross-linked and cross-linked particles were calculated
using the equations described in Section 2.1.4 and presented in
Table 1.

For DOX release, 3 mg of microparticles were dispersed in
1.5 mL of PBS and mixed at 300 rpm on a magnetic stirrer.
DOX release from non-cross-linked particles was followed at
pH 5.5/25 °C; 7.4/25 °C; 5.5/37 °C; 7.4/37 °C and 5.5/42
°C. DOX from cross-linked particles was followed at pH 5.5/
37 °C. The microparticles were precipitated at specific time
intervals. The supernatant was separated and diluted at a ratio
of 1:10 using PBS prior to fluorescence intensity measure-
ments (λexcitation = 490 nm and λemission = 592 nm, slit widths
were 10 nm) because of the high concentration of DOX which
did not lie at the linear region in the calibration curves. LbL
microparticles were redispersed in 1.5 mL of fresh PBS
solution. The cumulative amount of DOX released from LbL
microparticles was calculated by summing up instant and all
loss amounts.

2.6. CUR Release from LbL-Coated Microparticles.
CUR release was followed from PiPOX-PEI/TA-coated CUR-
containing CaCO3 microparticles. Three milligram LbL-coated
CUR-containing CaCO3 microparticles were dispersed in 1.5
mL of ethanol/PBS mixture for 5 min using a vortex shaker.
Release of CUR was followed in ethanol/PBS mixture (20%
ethanol by volume) at either pH 7.4/37 °C or 5.5/37 °C.
Particles were stirred at 300 rpm using a magnetic stirrer. The
particles were precipitated at specific time intervals. 0.3 mL of
the supernatant was diluted to 1 mL using ethanol/PBS
mixture (20% ethanol by volume). Then, this solution was
rediluted to 2 mL using pure ethanol. For release after 5 h, 1
mL of the supernatant was diluted to 2 mL using pure ethanol.
All samples contained 60% ethanol by volume prior to
fluorescence intensity measurements at 535 nm (λexcitation = 425
nm and slit width was 10 nm). Of note, LbL microparticles
were dispersed in 1.5 mL of fresh ethanol/PBS mixture (20%
ethanol by volume) every hour to minimize the effect of

Table 1. DOX EE % and LC % of the Non-Cross-Linked and
Cross-Linked Particles

sample EE % LC %

DOX loading to non-cross-linked LbL-coated
particles

98.1 ± 0.1 2.8 ± 0.3

DOX loading to cross-linked LbL-coated
particles

97.7 ± 2.9 3.9 ± 0.1
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degradation of CUR on the quantification. CUR release was
quantified using calibration curves. The cumulative amount of
released CUR was calculated by summing up instant and all
loss amounts. CUR release from cross-linked particles was
followed at pH 5.5/37 °C using the same procedure.

2.7. Cell Culture and Cell Viability Assays. HCT-116
cells were cultured in RPMI 1640 medium supplemented with
10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, and 100
units/mL penicillin−100 g/mL streptomycin in a 37 °C
incubator with 95% air and 5% CO2. HEK293T cells were
grown in DMEM (high glucose: 4.5 g/L) medium
supplemented with 10% FBS, 1 mM sodium pyruvate, 6 mM
L-glutamine, 1% nonessential amino acids, and 100 units/mL
penicillin−100 g/mL streptomycin in a 37 °C incubator with
95% air and 5% CO2. The cells were routinely tested for
mycoplasma contamination using polymerase chain reaction
(PCR) and were treated with a maintenance dose of plasmocin
(2.5 μg/mL). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay (Thermo Fisher) was used to
measure cell viability according to the manufacturer’s
instructions. To test the effect of free DOX, CUR, or their
combination on the viability of cancer cells, HCT-116 cells
were seeded in complete medium at a density of 10,000 cells
per well and allowed to attach overnight. CUR was dissolved in
DMSO, and DOX was dissolved in phosphate-buffered saline.
HCT-116 cells were treated with 0, 0.2, 1 and 1.5 μM DOX
alone or in combination with 20 μM CUR for 24 h. Following
the completion of the treatment period, cell culture medium
was aspirated, and 100 μL of a 1.2 mM MTT solution was
added to each well. After 4 h, 100 μL of 1% SDS−0.01 M HCl
solution was added to the MTT-added wells and incubated for
an additional 18 h at 37 °C. The absorbance at 570 nm was
measured using a Multiskan-GO microplate reader (Thermo
Fisher Scientific).
To test the effect of drug-loaded microparticles on the

viability of cancerous and healthy cells, HCT-116 and
HEK293T cells were seeded in their respective complete
medium at a density of 10,000 cells per well and allowed to
attach overnight. The microparticles were first dispersed at a
concentration of 500 ppm in complete RPMI medium with
constant vortexing for 30 min. Next, each microparticle sample
was serially diluted to 100, 50 and 25 ppm with complete
RPMI medium. The cells were then treated for 24 h with the
microparticles [(i) bare CaCO3 microparticles (no CUR, no
DOX), (ii) LbL-coated CUR-containing CaCO3 micro-
particles, (iii) DOX postloaded, LbL-coated CaCO3 micro-
particles, (iv) DOX postloaded, LbL-coated CUR-containing
CaCO3 microparticles, (v) NaIO4 treated bare CaCO3
microparticles (no CUR, no DOX), (vi) cross-linked LbL-
coated CUR-containing CaCO3 microparticles, (vii) DOX
postloaded, cross-linked LbL-coated CaCO3 microparticles,
(viii) DOX postloaded, cross-linked LbL-coated CUR-
containing CaCO3 microparticles at varying concentrations
(0, 25, 50, and 100 ppm)]. Following the completion of the
treatment period, the cell culture medium containing the
microparticles was aspirated and the cells were processed for
an MTT assay as described previously.

2.8. Calculation of Combinatorial Index (CI) and
Synergy of DOX and CUR. The dose−effective curves of
each non-cross-linked microparticle loaded with DOX or CUR,
or a combination of the two, was used to assess synergism,
antagonism, or additive effects. The combination index (CI)
value was calculated based on dose−effective parameters of

each microparticle loaded either with CUR and DOX alone
(m1, Dm1, r1 and m2, Dm2, r2) or in combination (m3, Dm3,
r3) using Compusyn software35 where m = slope (signifies the
shape of the curve), Dm = IC50 (signifies the potency), and r =
linear correlation coefficient. These parameters were calculated
on the basis of the amount of DOX and CUR released from
the non-cross-linked particles and uploaded to the Compusyn
software for the determination of the CI and dose reduction
index (DRI). CI < 1, CI = 1, and CI > 1 indicate synergistic,
additive, antagonist effects, and DRI < 1, DRI = 1, and DRI > 1
indicate nonfavorable dose reduction, no dose reduction, and
favorable dose reduction, respectively.

2.9. Instrumentation. 1H NMR spectra of iPOX, PiPOX,
and PiPOX-PEI were recorded using a Bruker Spectrospin
Avance DPX-400 Ultra shield instrument, operating at 400
MHz. Zetasizer Nano-ZS equipment (Malvern Instruments
Ltd., U.K.) was used for hydrodynamic size measurements of
PiPOX-PEI which were carried out via dynamic light scattering
technique using a cumulants analysis based on the
autocorrelation data. ATR-FTIR spectra of CUR-containing
CaCO3 microparticles and non-cross-linked and cross-linked
LbL particles were recorded using a Nicolet iS10 ATR-FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA). XRD
pattern was obtained using a Rigaku X-ray diffractometer with
a miniflex goniometer operated at 30 kV and 15 mA Cu Kα
line (α = 1.54 Å) as the X-ray source. ζ potential
measurements were conducted using Zetasizer Nano-ZS
equipment (Malvern Instruments Ltd., U.K.). ζ potential
values were obtained from electrophoretic mobility values
using the Smoluchowski approximation. For vortex mixing of
microparticles and LbL particles, a VWR Mixer Pulse Vortex
230 V EU was used. For centrifugation of microparticles, a
Hettich Universal 320 centrifuge was used. SEM images of
microparticles were obtained using a JSM-6400 SEM (JEOL,
equipped with NORAN system 6 X-ray Micro Analysis system
and semaphore digitizer, Westhorst, NL). For SEM imaging,
samples were prepared by diluting 40 μL of LbL particle
solution with 1000 μL of DI water at pH 6.5 and dropping 50
μL of this solution onto a silicon wafer, followed by drying in a
vacuum desiccator. Thickness measurements of LbL films
deposited onto silicon wafers were followed using an
Optosense spectroscopic ellipsometer (OPT-S6000). The
changes in frequency and dissipation were followed using a
Q-Sense QCM-D Instrument (Initiator model) and sensors
with a quartz crystal surface coated with gold (Au) obtained
from Biolin Scientific, Q-Sense Sensors, QSX 301. Absorbance
measurements of LbL films deposited onto quartz slides were
followed using UV−vis spectroscopy (Hitachi U-2800A
spectrophotometer). Drug release studies were conducted
using a PerkinElmer LS55 Fluorescence Spectrometer.

3. RESULTS AND DISCUSSION
3.1. LbL Deposition of PiPOX-PEI and TA. PiPOX-PEI

and TA were deposited at the surface of a silicon wafer at pH 6
and 6.5, respectively. Multilayer growth was followed by
measuring the ellipsometric film thickness as a function of layer
number (Figure 1). The driving force for multilayer deposition
was hydrogen bonding interactions between phenolic hydroxyl
groups of TA (for TA pKa,1 ∼ 6.5 and pKa,2 ∼ 86) and amide
groups of PiPOX-PEI together with electrostatic interactions
between the phenolate groups of TA and the protonated
secondary amine groups of PiPOX-PEI (pKa for secondary
amine groups ∼736). The film thickness increased linearly as
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the layer number increased (∼4 nm increment per bilayer),
indicating successful LbL growth of TA and PiPOX-PEI. As
discussed in Section 3.3, TA and PiPOX-PEI multilayers were
also deposited onto CaCO3 microparticles. CaCO3 micro-
particles dissolve below pH 6, thus LbL deposition was
performed around pH 6 to ensure the colloidal stability of the
microparticles. Of note, although hydrogen bonding inter-
actions between PiPOX and TA weaken at increasing pH,
PiPOX and TA multilayers can be constructed at pH 6.31 The
reason for introducing PEI units to PiPOX was to (i) enhance
the association between PiPOX-PEI and TA through electro-
static interactions between PEI and TA at physiologically
related conditions; and (ii) provide amine groups for the cross-
linking reaction. Of note, LbL deposition of TA and PiPOX
under varying pH conditions has been reported by us
previously.6,17,37

3.2. Covalent Cross-Linking of PiPOX-PEI/TA Multi-
layers. Covalent cross-linking between PiPOX-PEI and TA
layers was achieved using NaIO4 as the cross-linking agent. 14-
Layer PiPOX-PEI/TA films were immersed into a 10 mM
NaIO4 solution at pH 5.0. After treatment of the films with
NaIO4, ∼10% loss in film thickness was recorded (Figure 2A).
The decrease in thickness was attributed to the loss of polymer
layers together with water due to oxidation of TA and partial
disruption of hydrogen bonding interactions between TA and
PiPOX-PEI. Cross-linking of multilayers was also followed
using the QCM-D technique. 14 layers of PiPOX-PEI/TA
were deposited in situ at the surface of a gold-quartz crystal
sensor. Then, 10 mM NaIO4 solution (pH 5.0) was purged
into the chamber containing PiPOX-PEI/TA-coated sensor for
5 min. As seen in Figure 2B, the frequency decreased upon
both deposition of the layers and NaIO4 treatment, indicating
an increase in the mass-deposited at the surface. The
dissipation increases when a soft film attaches to a surface.38

Accordingly, the dissipation increased as the PiPOX-PEI/TA
multilayers were deposited on the surface. We recorded a
further increase in the dissipation upon cross-linking. This
might be due to the conversion of phenolic hydroxyl groups to
quinones upon treatment with NaIO4 solution which might
have led to the entrapment of a greater amount of water
molecules within the multilayers due to stronger hydrogen
bonding between carbonyl groups of quinones and water than
that between phenolic hydroxyl groups of TA and water.
Multilayer growth and cross-linking of multilayers were also

monitored by using UV−vis spectroscopy (Figure 2C, left).

Multilayers were deposited onto the quartz surface. TA
exhibits two peaks at 214 and 276 nm in acidic conditions,
associated with the neutral form of TA. When the pH of TA
solution is increased, two peaks emerge at 245 and 322 nm,
associated with the ionized form of TA.6 In light of this
information, the peaks at 222 and 278 nm in the absorbance
spectrum of the non-cross-linked film were associated with the
phenolic hydroxyl groups of TA. Nevertheless, the broad
absorption peak at 278 nm suggested the presence of another
peak around 320 nm, which was correlated with the phenolate
groups of TA. The absorbance at 278 nm increased after every
TA layer deposition (Figure 2C, right). The sharp decrease in
the absorbance at 278 nm upon cross-linking was due to the
oxidation of phenols to quinones, resulting in a decrease in the
number of phenolic hydroxyl/phenolate groups within the
multilayers.
Lastly, the formation of covalent cross-links between the

layers was indirectly verified through the difference in the
stability of the cross-linked and non-cross-linked films. A 14-
layer cross-linked and non-cross-linked PiPOX-PEI and TA
films were exposed to PBS at either decreasing or increasing
pH at 25 °C. Figure 2D compares the thickness fraction
retained at the surface as a function of pH. Fractions were
calculated by dividing the thickness by the initial film
thickness. Both cross-linked and non-cross-linked films showed
an increase in thickness as the pH was decreased. In addition
to the salt ions penetrating from the solution into the
multilayers, the enhanced hydrophilicity of the polyelectrolytes
when paired with the salt ions39 might have increased the
amount of water entrapped within the film and accounted for
the thickness increase. When the non-cross-linked films were
exposed to increasing pH conditions, the ionization of TA and
loss of hydrogen bonding interactions between PiPOX-PEI and
TA were responsible for the onset of dissolution recorded at
pH 9.5. Multilayers were totally erased from the surface at pH
of 10.5. On the other hand, ∼80% of the cross-linked film was
retained at the surface even at pH 11.5. The enhanced stability
of the cross-linked film was attributed to the oxidation of
phenolic hydroxyl groups of TA to quinone groups by IO4

−

anions and the formation of covalent bonds between the
quinone groups and the secondary amine groups of PEI units.
There are two possible mechanisms for the cross-linking
reaction of the amine groups and quinone groups. One of them
is Michael addition, suggesting formation of the N−C bond.
The other one is the Schiff Base reaction, suggesting C�N
bond formation.40 Cross-linking of multilayers containing TA
and amine-bearing polycations using NaIO4 has been reported
earlier.41,42

3.2.1. Long-Term Stability of PiPOX-PEI/TA Multilayers.
The long-term stability of cross-linked and non-cross-linked
PiPOX-PEI/TA films was examined under conditions at which
drug release studies were conducted. As will be discussed in
Section 3.3, two different anticancer drugs were encapsulated
in LbL-coated CaCO3 microparticles. Considering the acidic
nature of tumor tissues, drug release studies were investigated
at both pH 7.4 and 5.5 at 37 °C. 14-layer films were prepared
and separately immersed into PBS at pH 7.4/37 °C and 5.5/37
°C. PiPOX-PEI/TA films were removed from the solution at
specific time intervals, and the thickness of the remaining film
was divided by the initial thickness of the multilayers to
calculate the fraction retained at the surface (Figure 3). The
thickness of the non-cross-linked film decreased (by ∼10%) in
the first 4 h at pH 7.4 and 37 °C due to ionization of TA with

Figure 1. LbL growth of PiPOX-PEI and TA. Multilayers were
deposited onto BPEI-coated silicon wafers. The thickness of the BPEI
precursor layer was 3 nm and is included in the thickness values.
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increasing pH and weakening of the hydrogen bonding
interactions among the layers. No further loss was recorded
in the measurements conducted after 8 and 12 h. However, the
thickness measurement displayed an increase of ∼25% after 24
h. This increase was attributed to partial loss of layers from the

surface which resulted in a relatively loose film structure and
entrapment of a greater amount of water molecules within the
multilayers. The extent of loss and the subsequent increase in
thickness after 24 h were smaller at pH 5.5 and 37 °C than at
pH 7.4 and 37 °C. The greater stability at pH 5.5 was

Figure 2. (A) Fraction retained at the surface of the films after NaIO4 treatment. (B) Evolution of the change in Δf 3/3 and ΔD3 during LbL
assembly of PiPOX-PEI and TA and NaIO4 treatment at pH 5 and 22 °C. (C) Absorbance spectra of PiPOX-PEI/TA multilayers before and after
cross-linking (left panel). The evolution of the absorbance of the peak at 278 nm before and after cross-linking (right panel). (D) The thickness
fraction retained at the surface of cross-linked and non-cross-linked multilayers upon exposure to PBS at either decreasing or increasing pH values
at 25 °C. The red dotted line represents the starting pH value.
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attributed to the enhanced hydrogen bonding interactions
among the layers as TA further protonated with decreasing pH,
leading to more strongly associating layers. Importantly, we did
not record any significant thickness change for cross-linked
films upon exposure to PBS at both pH 7.4 and pH 5.5.

3.3. Preparation of DOX- and CUR-Containing LbL
Microparticles. In order to decide on the amount of DOX
and CUR to load in the LbL microparticles, we first carried out
a dose−response effect of free DOX on HCT-116 colon cancer
cells to determine the IC50 value. Previous studies have
reported a wide range of IC50 values of DOX for HCT-116
cells, ranging from 0.4 to about 1 μM.43,44 Therefore, we used
a range of 0−1.5 μM DOX for 24 h. We observed that the cells

had about 55% cell viability with 1.5 μM DOX (Figure S8).
Previous studies have shown that the IC50 value of CUR for
HCT-116 cells was between 10 and 25 μM.45 Therefore, we
directly tested the effect of 20 μM CUR with the different
concentrations of DOX (0−1.5 μM). We observed that with
20 μM CUR alone the cells had around 57% survival; the
addition of various concentrations of DOX to 20 μM CUR
could increase cell death, albeit modestly. Several previous
studies have shown that CUR can increase the sensitivity of
cancer cells to DOX.46 Preliminary studies carried out with the
LbL microparticles (100 ppm) showed that the amount of
CUR that could be loaded successfully was around 15 μM.

Figure 3. Time-dependent variation of the fraction retained at the surface of non-cross-linked and cross-linked films immersed in PBS at pH 7.4/37
°C and 5.5/37 °C.

Figure 4. (A) Evolution of ζ potential as a function of layer number. (B) ATR-FTIR spectrum of cross-linked vs non-cross-linked five-layer PiPOX-
PEI/TA-coated CUR-containing CaCO3 microparticles. TA and PiPOX-PEI spectra were drawn for comparison. (C) ζ potential values of CUR-
containing CaCO3 microparticles after LbL coating (topmost layer: TA, deposition at pH 6.5), after immersion of LbL-coated particles into
phosphate buffer at pH 7.4 and LbL-coated particles after DOX postloading in phosphate buffer at pH 7.4.
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TA and PiPOX-PEI layers were deposited onto CUR-
containing CaCO3 microparticles with sizes ranging between
∼2 and 4 μm. LbL growth was followed by measuring the ζ
potential of the microparticles after the deposition of each
layer (Figure 4A). The change in ζ potential was assumed as an
indication of LbL growth. The mean ζ potential changed from
−23.4 ± 2.4 to −30.3 ± 2.0 mV after the first TA layer
deposition due to phenolate groups of TA (pKa,1 ∼ 6.5 and
pKa,2 ∼ 86). The driving force for the deposition of TA onto
CaCO3 microparticles was electrostatic interactions between
Ca2+ and phenolate groups of TA and hydrogen bonding
interactions between oxygen atoms of carbonate anions and
phenolic hydroxyl groups of TA. Of note, CaCO3 micro-
particles were synthesized in the presence of PSS, which is
located inside and on the surface of CaCO3 microparticles.

47

Therefore, hydrogen bonds between the SO3
2− units of PSS

and the OH groups of TA together with π−π stacking
interactions between the aromatic rings of TA and the phenyl
rings of PSS might have contributed to the deposition of TA at
the surface. After the deposition of the second layer (PiPOX-
PEI), the ζ potential was recorded as −21.1 ± 3.2 mV. The
shift of the ζ potential toward a less negative value was due to
partial compensation of the negative charge on the micro-
particles by positively charged PEI units as well as screening of
the negative charge by the neutral PiPOX units. The ζ

potential oscillated in the negative region during the LbL
process with more and less negative values recorded after the
deposition of TA and PiPOX-PEI layers, respectively. The size
distribution shifted somewhat to higher values after LbL
assembly possibly due to enhanced hydrophobic association
among the LbL particles upon modification with polymers
(Figure S9).
Cross-linking of PiPOX-PEI/TA-coated CUR-containing

CaCO3 microparticles resulted in the oxidation of CUR. The
orange color of the LbL microparticles immediately turned
purple when dispersed in 10 mM NaIO4 solution. To confirm
that the color change was associated with the CUR in the
microparticles, we dispersed uncoated CUR-containing micro-
particles in NaIO4 solution of varying concentrations for 5 min.
The particles were precipitated and redispersed in an ethanol/
PBS mixture (20% ethanol by volume), and the fluorescence
intensity of CUR released from the particles was compared.
The fluorescence intensity of CUR released from the particles
decreased with increasing concentration of NaIO4 solution
(Figure S10). The decrease in fluorescence intensity can be
explained by the oxidation of methoxyphenol groups of CUR
to quinone groups, resulting in the loss of aromaticity/
conjugation in CUR.48 The primary degradation pathway of
CUR was reported to be autoxidation at physiological pH49

Scheme 1. (A) Schematic Representations of Interactions between DOX and TA; (B) DOX and PiPOX-PEIa

aBlue dots represent H-bonding interactions. The pictorial scheme illustrates PiPOX-PEI/TA-coated CUR-containing CaCO3 microparticles,
postloaded with DOX.
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and the biological activity was found to be provided by CUR
rather than its degradation products.50

ATR-FTIR spectra of the non-cross-linked and cross-linked
CUR-containing LbL-coated CaCO3 microparticles are pre-
sented in Figure 4B. The spectra of TA and PiPOX-PEI are
plotted for comparison. The non-cross-linked and cross-linked
LbL-coated particles showed a characteristic peak of TA at
1715 cm−1 associated with (C�O) stretching vibration.51 The
peaks between 1000 and 1400 cm−1 were related to C−O
stretching vibrations of TA and C−C/C−H vibrations of both
TA and PiPOX.37 The peaks between 2800 and 3000 cm−1

were assigned to antisymmetric C−H stretching of −C(CH3)2,
antisymmetric C−H stretching of −CH2−, and symmetric C−
H stretching of −C(CH3)2 of PiPOX.

52,53 The peak around
1202 cm−1 was correlated with the absorption of C−N groups
of the PiPOX backbone.52 The decrease in the intensity of the
peak at 1327 cm−1 (C−O stretching vibration) after cross-
linking was attributed to the oxidation of phenolic hydroxyl
groups of TA to the o-quinone structure by NaIO4.

54 The
increase in the intensity of the peak at 1621 cm−1 (C�C
mode of the quinoid ring) upon cross-linking might also be
attributed to the oxidation of phenols to quinones.55 Of note, a
new vibrational band was not distinguished in the spectrum
after cross-linking, possibly due to the low hydrolysis degree of
PiPOX-PEI and the number of cross-linking points.
DOX was postloaded into either non-cross-linked or cross-

linked LbL microparticles at pH 7.4. The primary driving force
for DOX loading into multilayers was electrostatic interactions
between protonated amino groups of DOX (pKa 8.25

56) and
phenolate groups of TA. In addition, hydrogen bonding
interactions between ether oxygens, carbonyl, and hydroxyl
groups of DOX and phenolic hydroxyl groups of TA and
carbonyl groups of PiPOX-PEI possibly contributed to DOX
loading into multilayers. The ζ potential of LbL microparticles
shifted to more positive values upon DOX loading due to
screening of the negative charge by positively charged DOX
molecules (Figure 4C). Scheme 1 presents a schematic
representation of the association among DOX/TA and
DOX/PiPOX-PEI together with an illustration of CUR and
DOX containing LbL microparticles. Of note, in addition to
PiPOX-PEI/TA multilayers, DOX might have also been
incorporated into the pores of CaCO3 microparticles during
the postloading process.

3.4. In Vitro Dual Drug Release from PiPOX-PEI/TA-
Coated Microparticles. 3.4.1. Release of DOX from PiPOX-
PEI/TA-Coated Microparticles. DOX was followed by

measuring the fluorescence intensity of DOX at 592 nm as a
function of time. The concentration of DOX released from the
particles was calculated using calibration curves prepared under
release conditions (Figure S11). The amount of DOX released
from LbL-coated microparticles was greater at pH 5.5 than at
pH 7.4 at 37 °C (Figure 5A). This can be explained by the
protonation of the phenolic hydroxyl groups of TA (pKa,1 ∼
6.5 and pKa,2 ∼ 8) as the pH decreased, which resulted in
disruption of electrostatic interactions between TA and DOX,
and induced DOX release from multilayers. Of note, CaCO3
microparticles partially dissolved as the pH decreased below 6.
A ∼10% decrease in weight was recorded when particles were
exposed to PBS at pH 5.5. The partial dissolution of CaCO3
microparticles might have also contributed to the enhanced
release at pH 5.5 by releasing DOX incorporated into the pores
of the microparticles.
Nevertheless, the % DOX release was low at pH 5.5,

suggesting that a significant amount of DOX remained within
the particles. This can be explained by the enhanced ionization
of TA in the presence of positively charged DOX molecules,
maintaining the electrostatic association between the phenolate
groups of TA and protonated amino groups of DOX at pH 5.5.
Of note, ionization of polyacids has been reported to enhance
in the presence of salt cations in solution57 or polycations
within the multilayers.58 In addition, hydrogen bonding
interactions between ether oxygens, carbonyl, and hydroxyl
groups of DOX and phenolic hydroxyl groups of TA and
carbonyl groups of PiPOX-PEI were possibly responsible for
the entrapment of DOX within the multilayers. Apart from the
interactions between DOX and polymer layers, DOX which
was loaded into CaCO3 microparticles might have strongly
associated with PSS through both electrostatic (between
sulfonate groups of PSS and protonated amino groups of
DOX) and hydrogen bonding interactions (between sulfonate
groups of PSS and hydroxyl groups of DOX).
DOX release was not affected by increasing the temperature

from 25 to 37 °C (see Figure S12 for DOX release at 25 °C).
The effect of increasing temperature on DOX release was
apparent only when the temperature was raised to 42 °C
(Figure 5B). Although, PiPOX exhibits LCST-type phase
behavior around 36−40 °C, the lack of temperature-responsive
DOX release at 37 °C might be due to an increase in the
critical temperature of PiPOX upon hydrolysis. We recently
followed the evolution of the hydrodynamic size distribution of
PiPOX with respect to increasing temperature. Our observa-
tions showed a shift in the size distribution of PiPOX to lower

Figure 5. DOX release from PiPOX-PEI/TA-coated CUR-containing CaCO3 microparticles into PBS at (A) 37 °C/pH 5.5 and 37 °C/pH 7.4 and
(B) 25 °C/pH 5.5, 37 °C/pH 5.5, and 42 °C/pH 5.5.
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values around the critical temperature which was followed by
the emergence of a new peak concerning the formation of large
aggregates in the solution at 40 °C due to enhanced
hydrophobic interactions between the PiPOX chains.59 A
similar experiment conducted with PiPOX-PEI showed a
similar shift in size distribution to lower values as the
temperature was raised from 25 to 45 °C (increased by 2.5
°C) due to the conformational transition of the polymer chains
from extended to globular form (see Figure S13). Different
from PiPOX, we did not record any new peaks associated with
the formation of aggregates which may be considered as an
indication of an increase in the critical temperature of PiPOX
upon hydrolysis. Apart from the critical temperature, only 2
layers of PiPOX-PEI within the multilayers might not be
sufficient to observe a pronounced temperature-responsive-
ness.

3.4.2. CUR Release from LbL-Coated CUR-Containing
Microparticles. CUR release studies were performed in the
absence of DOX due to overlapping peaks of DOX and CUR
in the emission spectra, which precluded a reliable
quantification. Five-layer PiPOX-PEI/TA-coated micropar-
ticles were immersed into PBS containing 20% ethanol (by
volume) at either pH 7.4/37 °C or pH 5.5/37 °C. Of note, the
solubility of CUR is limited in aqueous solution. In addition,
their degradation accelerates with increasing pH and temper-
ature, resulting in a decrease in fluorescence intensity. Both of
these factors may preclude a reliable quantification of CUR. To
increase the solubility of CUR in the release medium for the
sake of reliable quantification, a mixture of PBS-ethanol
(containing 20% ethanol by volume) was used to determine
the amount of CUR released from the particles. Additionally,
the release solutions were refreshed every 1 h to minimize the
effect of degradation of CUR during quantification. The
calibration curve for CUR was also generated in the PBS−
ethanol mixture. Although CUR release was confirmed, the
amount of CUR may vary, depending on the content of the
release medium. Of note, evaluation of the combinatorial effect
of DOX and CUR was determined in cell culture experiments
using HCT-116 human colorectal cancer cells.
The fluorescence intensity at 535 nm was followed as a

function of time and quantified by using calibration curves
prepared under release conditions. The calibration curves used
for quantification can be found in our recent publication.31

Figure 6 shows CUR release from LbL-coated microparticles at

pH 5.5/37 °C and pH 7.4/37 °C. The majority of CUR was
released from the microparticles in the first 3 h. Thereafter, the
release slowed down and almost leveled off after 5 h. The
amount of CUR released from LbL-coated particles was not
affected by the pH of the release medium. This result was
different from our recent findings where CUR release from
CaCO3 microparticles that were embedded into alginate
hydrogels was slightly greater at pH 5.5 than at pH 7.4 due
to the partial dissolution of CaCO3 microparticles at acidic
conditions.31 The major difference between the two studies
with respect to CUR-containing CaCO3 microparticles was the
LbL coating on the microparticles in this study. To ensure the
effect of LbL modification on the lack of pH-responsive CUR
release from the particles, we compared the CUR released
from uncoated and LbL-coated CUR-containing CaCO3
microparticles. Considering the loss of CUR from micro-
particles during LbL deposition and the variation in the initial
amount of CUR in uncoated and LbL-coated particles, the data
concerning release from uncoated particles was normalized. To
do this, the amount of CUR released at pH 7.4 after 2 h was
divided by that at pH 5.5. CUR released from uncoated
microparticles was slightly higher at pH 5.5 (see inset in Figure
6). The lack of pH-responsive CUR release with LbL
microparticles was attributed to the entrapment of CUR
molecules within the multilayers due to enhanced association
between hydrophobic CUR and multilayers, which became
more hydrophobic as the temperature increased due to LCST-
type phase behavior of PiPOX-PEI. It is worth mentioning that
the presence of LbL coating may also be effective in preventing
the degradation of CUR. The color change observed with
uncoated particles after 6 h of exposure to PBS at pH 7.4 and
37 °C was more remarkable than that observed with LbL
particles. Further studies need to be conducted to understand
the protective effect of the LbL coating on the degradation of
CUR.
Of note, % CUR release from LbL particles was low. The

following scenarios can be suggested for the low amount of
CUR release from LbL particles: (1) CUR-containing CaCO3
microparticles was synthesized through the coprecipitation
method in this study. This method involves dispersing drug
molecules within the solution containing one of the precursor
ions (Ca2+ or CO3

2−). As Ca2+ and CO3
2− containing solutions

are mixed, drug molecules become encapsulated within interior
parts or pores of CaCO3 particles as precursor ions react to
create the precipitates.60 However, this at the same time makes
CUR release from the particles more challenging. (2) CUR
was partially lost from the particles during multilayer
deposition and rinsing steps. This was confirmed by the
change in the color of the supernatant during the LbL process.
Considering the presence of unbound polymers and CUR
molecules in the supernatant and their possible association
which may affect the fluorescence intensity measurements,61

we did not determine the amount of CUR lost from the
particles during LbL deposition. The amount of CUR
embedded into CaCO3 particles was taken as the initial
amount during calculations of % CUR release. (3) PiPOX
shows LCST-type phase behavior around 36 °C and becomes
more hydrophobic near the critical temperature. Increased
hydrophobic interactions between CUR and PiPOX might
have led to the entrapment of CUR molecules within the
layers.
The current study is fundamental in its design. It aimed to

contribute to the fundamental understanding of NaIO4-

Figure 6. Release of CUR from five-layer PiPOX-PEI/TA-coated
CUR-containing CaCO3 microparticles at pH 7.4/37 °C and 5.5/37
°C. The inset shows the normalized amount of CUR released from
uncoated particles at pH 7.4/37 °C and 5.5/37 °C.
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induced cross-linking of PiPOX-PEI/TA-coated LbL micro-
particles and its effect on the release of DOX and CUR from
the particles. The combinatorial effect of DOX and CUR that
we have observed with the LbL microparticles (Section 3.5),
while promising, is among the first reports in the literature on
the dual release of these drugs from LbL microparticles. Future
studies will be designed to fine-tune the composition of the
microparticles to release greater doses of CUR to obtain a
stronger combinatorial effect of the two drugs. In addition, new
strategies need to be developed to prevent the leakage at
physiological pH.

3.4.3. Effect of Cross-linking on DOX and CUR Release
from LbL Microparticles. DOX release from cross-linked and
non-cross-linked five-layer PiPOX-PEI/TA-coated CUR-con-
taining particles was followed in PBS at pH 5.5/37 °C. Cross-
linking led to a greater amount of DOX release from the
particles (Figure 7A). This was attributed to the more intense
structure of cross-linked films which might have prevented the
diffusion of DOX to the inner parts of the particles during the
postloading process. This possibly resulted in the accumulation
of DOX close to the particle surface and provided greater DOX
release from the particles.
For CUR release, cross-linked five-layer PiPOX-PEI/TA-

coated CUR-containing microparticles were immersed into
PBS containing 20% ethanol (by volume) at pH 5.5/37 °C.
Release and quantification of CUR were performed as
described in Section 2.6. As seen in Figure 7B, in contrast to
DOX release, cross-linking reduced the release of CUR from
LbL microparticles. The amount of CUR released from non-
cross-linked particles was ∼4× times greater than that released
from cross-linked particles after 24 h. The lower amount of
CUR release from cross-linked particles was attributed to the
oxidation of CUR and a decrease in its fluorescence intensity.
Besides, cross-linked multilayers with a more intense structure
might have acted as a barrier to the release of CUR from the
microparticles.

3.5. Cell Viability. The viability of HCT-116 cells was
determined with different dilutions (25, 50, and 100 ppm) of
microparticles loaded with DOX alone, CUR alone, and a
combination of DOX and CUR, as well as the bare
microparticles (Table 2). Incubation of HCT-116 cells with
the bare microparticles showed no significant cytotoxicity at
any of the concentrations used (Figure 8). Incubation with
varying concentrations of particles loaded solely with DOX led
to a dose-dependent reduction in viability at all concentrations,

suggesting the successful release of the drug from the particles.
Particles loaded with CUR alone showed a modest decrease in
viability only at the highest concentration (Figure 8).
Additionally, microparticles loaded with a combination of
DOX and CUR showed a trend for lower cell viability in a
dose-dependent manner compared to DOX alone for all of the
particle concentrations tested and reached statistical signifi-
cance at the highest concentration used (100 ppm).
HCT-116 cells treated with cross-linked particles postloaded

with DOX decreased cell viability further when compared to
DOX released from the non-cross-linked counterparts at all
dilutions (iii versus vii). Cell viability, however, did not
decrease any further when HCT-116 cells were treated with
DOX postloaded, cross-linked CUR-containing particles (vii
versus viii). This is very well corroborated with the high release
of DOX, but not CUR, from the cross-linked particles. Thus,
the greater release of DOX from the cross-linked particles may
have led to a stronger decrease in cell viability; however, since
the release of CUR from the cross-linked particles was low, we
did not observe any combinatorial effect of the two drugs. We
consider two specific scenarios for this observation: (1) The
fluorescence intensity of CUR that was released from cross-
linked particles was lower than non-cross-linked LbL particles.
This could be due to the oxidation of CUR upon treatment
with NaIO4. Therefore, a partial loss of biological activity of
CUR upon oxidation might be the reason for the loss of the
combinatorial effect of the two drugs when delivered via the

Figure 7. (A) Release of DOX from cross-linked five-layer PiPOX-PEI/TA-coated CUR-containing CaCO3 microparticles at pH 5.5/37 °C. Data
obtained from non-cross-linked particles was plotted for comparison. (B) Release of CUR from cross-linked five-layer PiPOX-PEI/TA-coated
CUR-containing CaCO3 microparticles at pH 5.5/37 °C. Data obtained from non-cross-linked particles was plotted for comparison.

Table 2. Samples for the Determination of Cell Viability
Using HCT-116 Cells

sample description

(i) bare particles bare CaCO3 microparticles (no CUR, no DOX)
(ii) LbL particles with
CUR

LbL-coated CUR-containing CaCO3
microparticles (only CUR, no DOX)

(iii) LbL particles with
DOX

DOX postloaded LbL-coated CaCO3
microparticles (only DOX, no CUR)

(iv) LbL particles with
CUR and DOX

DOX postloaded LbL-coated CUR-containing
CaCO3 microparticles (both DOX and CUR)

(v) bare particles with
NaIO4 treatment

NaIO4 treated bare CaCO3 microparticles (no
CUR, no DOX)

(vi) cross-linked LbL
particles with CUR

cross-linked LbL-coated CUR-containing CaCO3
microparticles (only CUR, no DOX)

(vii) cross-linked LbL
particles with DOX

DOX postloaded cross-linked LbL-coated CaCO3
microparticles (only DOX, no CUR)

(viii) cross-linked LbL
particles with CUR and
DOX

DOX postloaded cross-linked LbL-coated CUR
containing CaCO3 microparticles (both DOX
and CUR)
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cross-linked particles. (2) Cross-linking results in the
formation of a more intense film structure, which may make
it more challenging for the release of a hydrophobic compound
such as CUR. Thus, while cross-linking may have its own
advantages, it does not support the release of CUR.
We next determined the CI values for the non-cross-linked

LbL microparticles which reflect the degree of interaction of
the two drugs (DOX and CUR) and are calculated from the
sum of the ratio of the dose of each drug to the dose when
used alone when the combination and compound produce
50% efficacy.62 The dose−effective curves of each micro-
particle loaded with DOX or CUR, or a combination of the
two, were used to assess synergism, antagonism, or additive
effects (Table 3). The DRI and inhibitory effect were
calculated from the proliferation data (average MTT assay
values from four biological replicates). Our data suggest that
the combination of DOX and CUR in the microparticles was
synergistic, as the CI values were well below 1. The same
analysis, however, could not be carried out with the cross-
linked microparticles since a much higher amount of DOX and
very low amounts of CUR could be released from those
particles.
The anticancer and chemosensitizing effects of CUR have

been established in several in vivo and in vitro studies in

different types of cancer.63,64 However, large doses are often
required to exert a killing effect.65,66 DOX is an anthracyclin
that inhibits a critical enzyme called Topoisomerase-2 that is
functional in DNA replication.67 DOX is therefore cytotoxic
for cells that undergo rapid cell division, such as cancer cells.
However, DOX also shows a high cardiotoxicity. Therefore,
decreasing the dose of DOX while maintaining its cytotoxicity
has been extensively examined. In particular, the combination
of DOX and CUR was shown to enhance apoptosis, decrease
inflammation, and inhibit metastatic spread in different cancer
types more efficiently than DOX alone.68 Another study
reported that the combination of CUR and DOX in a single
nanoparticle formulation could reduce drug resistance by
affecting the expression of drug resistance-related genes MDR1
in chronic myeloid leukemia.69

The extracellular pH of tumor tissues typically ranges
between 6.5 and 7, whereas normal tissues exhibit an
extracellular fluid pH of 7.4.70 As discussed in Section 3.4.1,
LbL microparticles designed in this study could release a
greater amount of DOX as the pH was lowered from pH 7.4 to
5.5. Furthermore, higher DOX release at pH 5.5 with cross-
linking which might have stemmed from the accumulation of
DOX close to the particle surface, may provide an advantage

Figure 8. Effect of DOX and CUR-loaded microparticles on the cell viability. Percent fold change in viability of HCT-116 cells upon treatment with
(i) bare CaCO3 microparticles (no CUR, no DOX), (ii) LbL-coated CUR-containing CaCO3 microparticles (no DOX), (iii) DOX postloaded
LbL-coated CaCO3 microparticles (no CUR), (iv) DOX postloaded LbL-coated CUR-containing CaCO3 microparticles, (v) NaIO4 treated bare
CaCO3 microparticles (no CUR, no DOX), (vi) cross-linked LbL-coated CUR-containing CaCO3 microparticles (no DOX), (vii) DOX
postloaded cross-linked LbL-coated CaCO3 microparticles (no CUR), (viii) DOX postloaded cross-linked LbL-coated CUR-containing CaCO3
microparticles. The microparticle solutions were prepared at a concentration of 100 ppm and then diluted to 50 and 25 ppm. HCT-116 cells were
treated with different concentrations of microparticles for 24 h and then processed for an MTT assay. The average of four biological replicates is
shown in the graph.

Table 3. Effect of CUR and DOX Loaded LbL-Coated Particles on HCT-116 Cell Viability In Vitro

compound
inhibitory effect

(%) parameters
dose reduction index

(DRI) conclusion

CUR
(ppm)

DOX
(ppm) m Dm r CI CUR/DOX

25 2.7920 m1: 1.09520 ± 0.30565
50 8.1350 Dm1: 571.837
100 11.5880 r1: 0.96319

25 24.4610 m2: 0.61041 ± 0.03283
50 32.2160 Dm2: 162.004
100 43.0120 r2: 0.99856

25 25 31.8590 m3: 0.87445 ± 0.27457 0.41558 42.5014:2.55066 synergistic with favorable dose
reduction50 50 38.1360 Dm3: 67.6221 0.53505 27.3534:2.00603

100 100 61.1110 r3: 0.95407 0.24635 32.1404:4.64608
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for the preferential release of drugs from a pH-responsive LbL
platform in a tumor microenvironment.
CUR was reported to increase the sensitivity of tumor cells

to various chemotherapy drugs such as 5-fluorouracil,
gemcitabine, and DOX, and reverse drug resistance in colon
cancer,71 ovarian cancer,72 and other cancer types. Our data
suggest that a pH-responsive LbL-modified microparticle
system can be designed to release CUR and DOX such that
the drugs can act in a combinatorial manner to decrease cell
viability further than either drug alone. Our data also suggest
that although cross-linking might be an effective strategy to
target cell viability when used with DOX, it did not provide
any advantage for the combinatorial effect of the two drugs.
Finally, it is worth mentioning that we also carried out a cell

viability assay using HEK293T cells. These cells, although not
malignant, are immortalized. We observed that DOX released
from the LbL microparticles could indeed kill HEK293T cells
as well (Figure S14). This is not surprising, since many
immortalized “normal” cell lines divide very rapidly, including
HEK293T cells (doubling time of 24 h73). Therefore, DOX,
which intercalates into DNA74 and activates apoptosis through
the inhibition of replication, is very likely to affect the
proliferation of HEK293T cells as well. The current study is
fundamental in its design. A more refined experimental design
in the future with animal studies will provide more reliable data
on the effects of the microparticles on normal tissues.

4. CONCLUSIONS
PiPOX-PEI could be successfully coassembled at the surface
with TA using the LbL technique. The driving force for LbL
deposition was hydrogen bonding interactions between amide
carbonyl groups of PiPOX and phenolic hydroxyl groups of TA
as well as electrostatic interactions between protonated amino
groups of PEI and phenolate groups of TA. PiPOX-PEI/TA
multilayers were cross-linked using NaIO4 as the cross-linking
agent through the oxidation of phenolic hydroxyl groups of TA
to quinone groups by IO4

− anions, followed by the formation
of covalent bonds between the quinone groups and the
secondary amine groups of PEI units. Cross-linking of
multilayers provided enhanced stability to the multilayers,
especially under increasing pH conditions. The potential of
PiPOX-PEI and TA multilayer films as drug-releasing plat-
forms was investigated by using DOX and CUR as model
anticancer drug molecules. PiPOX-PEI/TA multilayers were
deposited onto CUR-containing CaCO3 microparticles and
postloaded with DOX to generate microparticles for dual drug
delivery applications. LbL microparticles displayed enhanced
DOX release at moderately acidic conditions due to the
disruption of electrostatic interactions between TA and DOX
as TA protonated with decreasing pH. On the other hand,
increasing the temperature from 25 to 37 °C did not provide a
significant difference in the amount of DOX release. This may
be attributed to an increase in the critical point of PiPOX upon
partial hydrolysis. Besides, the lack of temperature-responsive
release at 37 °C may also be due to the low number of PiPOX-
PEI layers, which was insufficient to observe a response.
Further increasing the temperature to 42 °C enhanced DOX
release possibly due to conformational rearrangement within
the multilayers and formation of void-like structures, which
might have facilitated DOX release. Despite the dissolution of
CaCO3 microparticles at acidic conditions, CUR release was
not responsive to pH variations at 37 °C. This was possibly
due to enhanced hydrophobic association between CUR and

the layers at increasing temperatures, reducing CUR release
from the multilayers. Cross-linking of multilayers enhanced
DOX release while reducing the release of CUR. Cross-linked
multilayers with relatively intense structures possibly prevented
the diffusion of DOX to the inner region and provided
accumulation of DOX close to the surface, facilitating its
release. The same layers might have abrogated the release of
CUR from the particles due to enhanced hydrophobic
interactions between CUR and multilayers as the temperature
approached the critical point of PiPOX-PEI. The NaIO4-
induced oxidation of CUR could also account for the relatively
low release of CUR from cross-linked microparticles. The
release profile of the drugs from non-cross-linked and cross-
linked particles corroborated well with the viability of HCT-
116 cells treated with the microparticles. Thus, HCT-116 cells
treated with non-cross-linked microparticles loaded with both
DOX and CUR showed significantly lower cell viability
compared to DOX and CUR alone and functioned in a
synergistic manner. However, upon cross-linking, the robust
release of DOX, but poor release of CUR resulted in a stronger
loss of cell viability with DOX alone; however, the
combinatorial effect with CUR was lost. This study generated
fundamental information about the structure−property
relationship in stimuli-responsive LbL films and may form a
basis for the design and development of stimuli-responsive
drug carrier platforms.
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(19) Hendessi, S.; Tatar Güner, P.; Miko, A.; Demirel, A. L.
Hydrogen bonded multilayers of poly(2-ethyl-2-oxazoline) stabilized
silver nanoparticles and tannic acid. Eur. Polym. J. 2017, 88, 666−678.
(20) Kempe, K.; Ng, S. L.; Gunawan, S. T.; Noi, K. F.; Caruso, F.
Intracellularly Degradable Hydrogen-Bonded Polymer Capsules. Adv.
Funct. Mater. 2014, 24, 6187−6194.
(21) Li, Y.; Pan, T.; Ma, B.; Liu, J.; Sun, J. Healable Antifouling
Films Composed of Partially Hydrolyzed Poly(2-ethyl-2-oxazoline)
and Poly(acrylic acid). ACS Appl. Mater. Interfaces 2017, 9, 14429−
14436.
(22) Sritharan, S.; Sivalingam, N. A comprehensive review on time-
tested anticancer drug doxorubicin. Life Sci. 2021, 278, No. 119527.
(23) Hewlings, S. J.; Kalman, D. S. Curcumin: A review of its effects
on human health. Foods 2017, 6, No. 92.
(24) Lu, K. H.; Lu, P. W. A.; Lu, E. W. H.; Lin, C. W.; Yang, S. F.
Curcumin and its Analogs and Carriers: Potential Therapeutic
Strategies for Human Osteosarcoma. Int. J. Biol. Sci. 2023, 19,
1241−1265.
(25) Mohajeri, M.; Sahebkar, A. Protective effects of curcumin
against doxorubicin-induced toxicity and resistance: A review. Crit.
Rev. Oncol./Hematol. 2018, 122, 30−51.
(26) Sun, Q.; Liang, J.; Lin, Y.; Zhang, Y.; Yan, F.; Wu, W.
Preparation of nano-sized multi-vesicular vesicles (MVVs) and its
application in co-delivery of doxorubicin and curcumin. Colloids Surf.,
B 2023, 229, No. 113471.
(27) Suriya, R.; Lekshmi, G. S.; Anirudhan, T. S. Hyaluronic acid-
targeted protein capped AMSN for inhibiting tumour growth and side
effects by the controlled release of curcumin and doxorubicin. J. Ind.
Eng. Chem. 2023, 121, 378−392.
(28) Moasses Ghafary, S.; Rahimjazi, E.; Hamzehil, H.; Modarres
Mousavi, S. M.; Nikkhah, M.; Hosseinkhani, S. Design and

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03977
ACS Omega 2024, 9, 39626−39642

39640

https://orcid.org/0000-0001-7078-9711
https://orcid.org/0000-0001-7078-9711
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dilara+Gundogdu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3648-3361
https://orcid.org/0000-0002-3648-3361
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cemre+Alemdar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4711-4550
https://orcid.org/0000-0003-4711-4550
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Goksu+Oral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3051-681X
https://orcid.org/0000-0003-3051-681X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Hazal+Husnugil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5910-6243
https://orcid.org/0000-0002-5910-6243
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sreeparna+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4596-6768
https://orcid.org/0000-0003-4596-6768
https://pubs.acs.org/doi/10.1021/acsomega.4c03977?ref=pdf
https://doi.org/10.1016/j.eurpolymj.2016.11.016
https://doi.org/10.1016/j.eurpolymj.2016.11.016
https://doi.org/10.1002/anie.200901607
https://doi.org/10.1002/anie.200901607
https://doi.org/10.1016/j.eurpolymj.2016.11.003
https://doi.org/10.1016/j.eurpolymj.2016.11.003
https://doi.org/10.1016/j.progpolymsci.2011.10.002
https://doi.org/10.1016/j.progpolymsci.2011.10.002
https://doi.org/10.1016/j.progpolymsci.2011.10.002
https://doi.org/10.1016/j.molliq.2023.121865
https://doi.org/10.1016/j.molliq.2023.121865
https://doi.org/10.1016/j.molliq.2023.121865
https://doi.org/10.1002/pi.5458
https://doi.org/10.1002/pi.5458
https://doi.org/10.1002/pi.5458
https://doi.org/10.1007/s10856-013-5135-7
https://doi.org/10.1007/s10856-013-5135-7
https://doi.org/10.1039/c3cs35499g
https://doi.org/10.1039/c3cs35499g
https://doi.org/10.1021/acs.langmuir.5b00767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b00767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b00767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cis.2018.11.003
https://doi.org/10.1016/j.cis.2018.11.003
https://doi.org/10.1016/j.jconrel.2020.08.061
https://doi.org/10.1016/j.jconrel.2020.08.061
https://doi.org/10.3390/polym9080363
https://doi.org/10.3390/polym9080363
https://doi.org/10.3390/polym9080363
https://doi.org/10.1002/adhm.201400377
https://doi.org/10.1002/adhm.201400377
https://doi.org/10.1016/j.jcis.2011.05.033
https://doi.org/10.1016/j.jcis.2011.05.033
https://doi.org/10.1016/j.jcis.2011.05.033
https://doi.org/10.1039/c3cc45068f
https://doi.org/10.1039/c3cc45068f
https://doi.org/10.1039/c3cc45068f
https://doi.org/10.1016/j.colsurfb.2017.10.031
https://doi.org/10.1016/j.colsurfb.2017.10.031
https://doi.org/10.1016/j.colsurfb.2017.10.031
https://doi.org/10.1016/j.eurpolymj.2019.02.031
https://doi.org/10.1016/j.eurpolymj.2019.02.031
https://doi.org/10.1021/mz400522e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz400522e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2016.10.039
https://doi.org/10.1016/j.eurpolymj.2016.10.039
https://doi.org/10.1002/adfm.201401397
https://doi.org/10.1021/acsami.7b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.lfs.2021.119527
https://doi.org/10.1016/j.lfs.2021.119527
https://doi.org/10.3390/foods6100092
https://doi.org/10.3390/foods6100092
https://doi.org/10.7150/ijbs.80590
https://doi.org/10.7150/ijbs.80590
https://doi.org/10.1016/j.critrevonc.2017.12.005
https://doi.org/10.1016/j.critrevonc.2017.12.005
https://doi.org/10.1016/j.colsurfb.2023.113471
https://doi.org/10.1016/j.colsurfb.2023.113471
https://doi.org/10.1016/j.jiec.2023.01.040
https://doi.org/10.1016/j.jiec.2023.01.040
https://doi.org/10.1016/j.jiec.2023.01.040
https://doi.org/10.1016/j.nano.2022.102544
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


preparation of a theranostic peptideticle for targeted cancer therapy:
Peptide-based codelivery of doxorubicin/curcumin and graphene
quantum dots. Nanomedicine 2022, 42, No. 102544.
(29) Guo, Q.; Li, X.; Yang, Y.; Wei, J.; Zhao, Q.; Luo, F.; Qian, Z.
Enhanced 4T1 breast carcinoma anticancer activity by co-delivery of
doxorubicin and curcumin with core-shell drug-carrier based on
heparin modified poly(l-lactide) grafted polyethylenimine cationic
nanoparticles. J. Biomed. Nanotechnol. 2014, 10, 227−237.
(30) Mohanta, V.; Madras, G.; Patil, S. Layer-by-Layer Assembled
Thin Films and Microcapsules of Nanocrystalline Cellulose for
Hydrophobic Drug Delivery. ACS Appl. Mater. Interfaces 2014, 6,
20093−20101.
(31) Gundogdu, D.; Alemdar, C.; Turan, C.; Hazal Husnugil, H.;
Banerjee, S.; Erel-Goktepe, I. Tuning stimuli-responsive properties of
alginate hydrogels through layer-by-layer functionalization for dual-
responsive dual drug release. Colloids Surf., A 2023, 676, No. 132213.
(32) Toncheva-Moncheva, N.; Veleva-Kostadinova, E.; Tsvetanov,
C.; Momekova, D.; Rangelov, S. Preparation and properties of
positively charged mesoglobules based on poly(2-isopropyl-2-oxazo-
line) and evaluation of their potential as carriers of polynucleotides.
Polymer 2017, 111, 156−167.
(33) Elbaz, N. M.; Owen, A.; Rannard, S.; McDonald, T. O.
Controlled synthesis of calcium carbonate nanoparticles and stimuli-
responsive multi-layered nanocapsules for oral drug delivery. Int. J.
Pharm. 2020, 574, No. 118866.
(34) Yefimova, S. L.; Bespalova, I. I.; Grygorova, G. V.; Sorokin, A.
V.; Mateychenko, P. V.; Cui, X. Q.; Malyukin, Yu. V. Synthesis and
characterization of mesoporous CaCO3@PSS microspheres as a
depot system for sustained Methylene Blue delivering. Microporous
Mesoporous Mater. 2016, 236, 120−128.
(35) Chou, T.-C.; Martin, N. CompuSyn Software. CompuSyn for
Drug Combinations: PC Software and User’s Guide: A Computer
Program for Quantitation of Synergism and Antagonism in Drug
Combinations, and the Determination of IC50 and ED50 and LD50 Values;
ComboSyn Inc.: Paramus, NJ, 2005. https://www.combosyn.com.
(36) Curtis, K. A.; Miller, D.; Millard, P.; Basu, S.; Horkay, F.;
Chandran, P. L. Unusual Salt and pH Induced Changes in
Polyethylenimine Solutions. PLoS One 2016, 11, No. e0158147.
(37) Akbar, M.; Cagli, E.; Erel-Göktepe, I. Layer-By-Layer Modified
Superparamagnetic Iron Oxide Nanoparticles with Stimuli-Responsive
Drug Release Properties. Macromol. Chem. Phys. 2019, 220,
No. 1800422.
(38) Easley, A. D.; Ma, T.; Eneh, C. I.; Yun, J.; Thakur, R. M.;
Lutkenhaus, J. L. A practical guide to quartz crystal microbalance with
dissipation monitoring of thin polymer films. J. Polym. Sci. 2022, 60,
1090−1107.
(39) Dubas, S. T.; Schlenoff, J. B. Swelling and Smoothing of
Polyelectrolyte Multilayers by Salt. Langmuir 2001, 17, 7725−7727.
(40) Longo, J.; Garnier, T.; Mateescu, M.; Ponzio, F.; Schaaf, P.;
Jierry, L.; Ball, V. Stable Bioactive Enzyme-Containing Multilayer
Films Based on Covalent Cross-Linking from Mussel-Inspired
Adhesives. Langmuir 2015, 31, 12447−12454.
(41) Onat, B.; Ozcubukcu, S.; Banerjee, S.; Erel-Goktepe, I.
Osteoconductive layer-by-layer films of Poly(4-hydroxy-L-proline
ester) (PHPE) and Tannic acid. Eur. Polym. J. 2018, 103, 101−115.
(42) Ball, V. Stabilization of [poly(allylamine)-tannic acid]n
multilayer films in acidic and basic conditions after crosslinking
with NaIO4. RSC Adv. 2015, 5, 55920−55925.
(43) Coronel-Hernández, J.; Salgado-García, R.; Cantu-́De León, D.;
Jacobo-Herrera, N.; Millan-Catalan, O.; Delgado-Waldo, I.; Campos-
Parra, A. D.; Rodríguez-Morales, M.; Delgado-Buenrostro, N. L.;
Pérez-Plasencia, C. Combination of Metformin, Sodium Oxamate and
Doxorubicin Induces Apoptosis and Autophagy in Colorectal Cancer
Cells via Downregulation HIF-1α. Front. Oncol. 2021, 11,
No. 594200.
(44) Valente, R.; Cordeiro, S.; Luz, A.; Melo, M. C.; Rodrigues, C.
R.; Baptista, P. V.; Fernandes, A. R. Doxorubicin-sensitive and
-resistant colorectal cancer spheroid models: assessing tumor

microenvironment features for therapeutic modulation. Front. Cell
Dev. Biol. 2023, 11, No. 1310397.
(45) Li, P.; Pu, S.; Lin, C.; He, L.; Zhao, H.; Yang, C.; Guo, Z.; Xu,
S.; Zhou, Z. Curcumin selectively induces colon cancer cell apoptosis
and S cell cycle arrest by regulates Rb/E2F/p53 pathway. J. Mol.
Struct. 2022, 1263, No. 133180.
(46) Cacciola, N. A.; Cuciniello, R.; Petillo, G. D.; Piccioni, M.;
Filosa, S.; Crispi, S. An Overview of the Enhanced Effects of
Curcumin and Chemotherapeutic Agents in Combined Cancer
Treatments. Int. J. Mol. Sci. 2023, 24, No. 12587.
(47) Mathivanan, N.; Paramasivam, G.; Vergaelen, M.; Rajendran, J.;
Hoogenboom, R.; Sundaramurthy, A. Hydrogen-Bonded Multilayer
Thin Films and Capsules Based on Poly(2-n-propyl-2-oxazoline) and
Tannic Acid: Investigation on Intermolecular Forces, Stability, and
Permeability. Langmuir 2019, 35, 14712−14724.
(48) Weidman, S. W.; Kaiser, E. T. The Mechanism of the Periodate
Oxidation of Aromatic Systems. III. A Kinetic Study of the Periodate
Oxidation of Catechol. J. Am. Chem. Soc. 1966, 88, 5820−5827.
(49) Gordon, O. N.; Luis, P. B.; Sintim, H. O.; Schneider, C.
Unraveling curcumin degradation: autoxidation proceeds through
spiroepoxide and vinylether intermediates en route to the main
bicyclopentadione. J. Biol. Chem. 2015, 290, 4817−4828.
(50) Nimiya, Y.; Wang, W.; Du, Z.; Sukamtoh, E.; Zhu, J.; Decker,
E.; Zhang, G. Redox modulation of curcumin stability: Redox active
antioxidants increase chemical stability of curcumin. Mol. Nutr. Food
Res. 2016, 60, 487−494.
(51) Wahyono, T.; Astuti, D. A.; Komang Gede Wiryawan, I.;
Sugoro, I.; Jayanegara, A. Fourier Transform Mid-Infrared (FTIR)
Spectroscopy to Identify Tannin Compounds in The Panicle of
Sorghum Mutant Lines. IOP Conf. Ser.: Mater. Sci. Eng. 2019, 546,
No. 042045.
(52) Amirova, A.; Rodchenko, S.; Kurlykin, M.; Tenkovtsev, A.;
Krasnou, I.; Krumme, A.; Filippov, A. Intermolecular interaction of
thermoresponsive poly-2-isopropyl-2-oxazoline in solutions and
interpolymer complex with fiber-forming polyethylene oxide. J.
Appl. Polym. Sci. 2021, 138, No. 49708.
(53) Maeda, Y.; Higuchi, T.; Ikeda, I. Change in Hydration State
during the Coil−Globule Transition of Aqueous Solutions of Poly(N-
isopropylacrylamide) as Evidenced by FTIR Spectroscopy†. Langmuir
2000, 16, 7503−7509.
(54) Qin, Z.; Huang, Y.; Xiao, S.; Zhang, H.; Lu, Y.; Xu, K.
Preparation and Characterization of High Mechanical Strength
Chitosan/Oxidized Tannic Acid Composite Film with Schiff Base
and Hydrogen Bond Crosslinking. Int. J. Mol. Sci. 2022, 23, No. 9284.
(55) Hellwig, P. Infrared spectroscopic markers of quinones in
proteins from the respiratory chain. Biochim. Biophys. Acta, Bioenerg.
2015, 1847, 126−133.
(56) Sanson, C.; Schatz, C.; Le Meins, J.-F.; Soum, A.; Thévenot, J.;
Garanger, E.; Lecommandoux, S. A simple method to achieve high
doxorubicin loading in biodegradable polymersomes. J. Controlled
Release 2010, 147, 428−435.
(57) Kharlampieva, E.; Sukhishvili, S. A. Hydrogen-Bonded Layer-
by-Layer Polymer Films. J. Macromol. Sci., Part C: Polym. Rev. 2006,
46, 377−395.
(58) Kharlampieva, E.; Sukhishvili, S. A. Ionization and pH Stability
of Multilayers Formed by Self-Assembly of Weak Polyelectrolytes.
Langmuir 2003, 19, 1235−1243.
(59) Turan, C.; Terzioglu, I.; Gundogdu, D.; Erel-Goktepe, I.
Synthesis of poly(2-isopropyl-2-oxazoline)-b-poly(2-phenyl-2-oxazo-
line)-b-poly(2-isopropyl-2-oxazoline) and its self-assembly into
polymersomes: Temperature-dependent aqueous solution behavior.
Mater. Today Commun. 2023, 35, No. 106094.
(60) Huang, Y.; Cao, L.; Parakhonskiy, B. V.; Skirtach, A. G. Hard,
Soft, and Hard-and-Soft Drug Delivery Carriers Based on CaCO3 and
Alginate Biomaterials: Synthesis, Properties, Pharmaceutical Applica-
tions. Pharmaceutics 2022, 14, No. 909.
(61) Liu, M.; Teng, C. P.; Win, K. Y.; Chen, Y.; Zhang, X.; Yang, D.-
P.; Li, Z.; Ye, E. Polymeric Encapsulation of Turmeric Extract for

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03977
ACS Omega 2024, 9, 39626−39642

39641

https://doi.org/10.1016/j.nano.2022.102544
https://doi.org/10.1016/j.nano.2022.102544
https://doi.org/10.1016/j.nano.2022.102544
https://doi.org/10.1166/jbn.2014.1785
https://doi.org/10.1166/jbn.2014.1785
https://doi.org/10.1166/jbn.2014.1785
https://doi.org/10.1166/jbn.2014.1785
https://doi.org/10.1021/am505681e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am505681e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am505681e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2023.132213
https://doi.org/10.1016/j.colsurfa.2023.132213
https://doi.org/10.1016/j.colsurfa.2023.132213
https://doi.org/10.1016/j.polymer.2017.01.049
https://doi.org/10.1016/j.polymer.2017.01.049
https://doi.org/10.1016/j.polymer.2017.01.049
https://doi.org/10.1016/j.ijpharm.2019.118866
https://doi.org/10.1016/j.ijpharm.2019.118866
https://doi.org/10.1016/j.micromeso.2016.08.037
https://doi.org/10.1016/j.micromeso.2016.08.037
https://doi.org/10.1016/j.micromeso.2016.08.037
https://www.combosyn.com
https://doi.org/10.1371/journal.pone.0158147
https://doi.org/10.1371/journal.pone.0158147
https://doi.org/10.1002/macp.201800422
https://doi.org/10.1002/macp.201800422
https://doi.org/10.1002/macp.201800422
https://doi.org/10.1002/pol.20210324
https://doi.org/10.1002/pol.20210324
https://doi.org/10.1021/la0112099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0112099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2018.03.034
https://doi.org/10.1016/j.eurpolymj.2018.03.034
https://doi.org/10.1039/C5RA06783A
https://doi.org/10.1039/C5RA06783A
https://doi.org/10.1039/C5RA06783A
https://doi.org/10.3389/fonc.2021.594200
https://doi.org/10.3389/fonc.2021.594200
https://doi.org/10.3389/fonc.2021.594200
https://doi.org/10.3389/fcell.2023.1310397
https://doi.org/10.3389/fcell.2023.1310397
https://doi.org/10.3389/fcell.2023.1310397
https://doi.org/10.1016/j.molstruc.2022.133180
https://doi.org/10.1016/j.molstruc.2022.133180
https://doi.org/10.3390/ijms241612587
https://doi.org/10.3390/ijms241612587
https://doi.org/10.3390/ijms241612587
https://doi.org/10.1021/acs.langmuir.9b02938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b02938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b02938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b02938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00976a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00976a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00976a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M114.618785
https://doi.org/10.1074/jbc.M114.618785
https://doi.org/10.1074/jbc.M114.618785
https://doi.org/10.1002/mnfr.201500681
https://doi.org/10.1002/mnfr.201500681
https://doi.org/10.1088/1757-899X/546/4/042045
https://doi.org/10.1088/1757-899X/546/4/042045
https://doi.org/10.1088/1757-899X/546/4/042045
https://doi.org/10.1002/app.49708
https://doi.org/10.1002/app.49708
https://doi.org/10.1002/app.49708
https://doi.org/10.1021/la0001575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0001575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0001575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms23169284
https://doi.org/10.3390/ijms23169284
https://doi.org/10.3390/ijms23169284
https://doi.org/10.1016/j.bbabio.2014.07.004
https://doi.org/10.1016/j.bbabio.2014.07.004
https://doi.org/10.1016/j.jconrel.2010.07.123
https://doi.org/10.1016/j.jconrel.2010.07.123
https://doi.org/10.1080/15583720600945386
https://doi.org/10.1080/15583720600945386
https://doi.org/10.1021/la026546b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la026546b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mtcomm.2023.106094
https://doi.org/10.1016/j.mtcomm.2023.106094
https://doi.org/10.1016/j.mtcomm.2023.106094
https://doi.org/10.3390/pharmaceutics14050909
https://doi.org/10.3390/pharmaceutics14050909
https://doi.org/10.3390/pharmaceutics14050909
https://doi.org/10.3390/pharmaceutics14050909
https://doi.org/10.1002/marc.201800216
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Bioimaging and Antimicrobial Applications. Macromol. Rapid
Commun. 2019, 40, No. 1800216.
(62) Huang, R.-y.; Pei, L.; Liu, Q.; Chen, S.; Dou, H.; Shu, G.; Yuan,
Z.; Lin, J.; Peng, G.; Zhang, W.; Fu, H. Isobologram Analysis: A
Comprehensive Review of Methodology and Current Research. Front.
Pharmacol. 2019, 10, No. 1222.
(63) Kuttan, R.; Bhanumathy, P.; Nirmala, K.; George, M. C.
Potential anticancer activity of turmeric (Curcuma longa). Cancer Lett.
1985, 29, 197−202.
(64) Doello, K.; Ortiz, R.; Alvarez, P. J.; Melguizo, C.; Cabeza, L.;
Prados, J. Latest in Vitro and in Vivo Assay, Clinical Trials and
Patents in Cancer Treatment using Curcumin: A Literature Review.
Nutr. Cancer 2018, 70, 569−578.
(65) Rostamzadeh Khameneh, Z.; Mohammadian, M.; Rasouli, M.
A.; Moradi, Z.; Ahmadi, Z.; Khiyavi, A. A. Effects of Curcumin in
Combination with Doxorubicin in Human Colorectal Cancer Cell
Line. Asian Pac. J. Cancer Biol. 2019, 3, 89−92.
(66) Zhang, N.; Gao, M.; Wang, Z.; Zhang, J.; Cui, W.; Li, J.; Zhu,
X.; Zhang, H.; Yang, D.-H.; Xu, X. Curcumin reverses doxorubicin
resistance in colon cancer cells at the metabolic level. J. Pharm.
Biomed. Anal. 2021, 201, No. 114129.
(67) Thorn, C. F.; Oshiro, C.; Marsh, S.; Hernandez-Boussard, T.;
McLeod, H.; Klein, T. E.; Altman, R. B. Doxorubicin pathways:
pharmacodynamics and adverse effects. Pharmacogenet. Genomics
2021, 21, 440−446.
(68) Ashrafizadeh, M.; Zarrabi, A.; Hashemi, F.; Zabolian, A.; Saleki,
H.; Bagherian, M.; Azami, N.; Bejandi, A. K.; Hushmandi, K.; Ang, H.
L.; Makvandi, P.; Khan, H.; Kumar, A. P. Polychemotherapy with
Curcumin and Doxorubicin via Biological Nanoplatforms: Enhancing
Antitumor Activity. Pharmaceutics 2020, 12, No. 1084.
(69) Misra, R.; Sahoo, S. K. Coformulation of Doxorubicin and
Curcumin in Poly(d,l-lactide-co-glycolide) Nanoparticles Suppresses
the Development of Multidrug Resistance in K562 Cells. Mol.
Pharmaceutics 2011, 8, 852−866.
(70) Guo, W.; Song, Y.; Song, W.; Liu, Y.; Liu, Z.; Zhang, D.; Tang,
Z.; Bai, O. Co-delivery of Doxorubicin and Curcumin with
Polypeptide Nanocarrier for Synergistic Lymphoma Therapy. Sci.
Rep. 2020, 10, No. 7832.
(71) Lu, Y.; Zhang, R.; Zhang, X.; Zhang, B.; Yao, Q. Curcumin may
reverse 5-fluorouracil resistance on colonic cancer cells by regulating
TET1-NKD-Wnt signal pathway to inhibit the EMT progress.
Biomed. Pharmacother. 2020, 129, No. 110381.
(72) Liu, Z.; Zhu, Y. Y.; Li, Z. Y.; Ning, S. Q. Evaluation of the
efficacy of paclitaxel with curcumin combination in ovarian cancer
cells. Oncol. Lett. 2016, 12, 3944−3948.
(73) Cervera, L.; Gutiérrez, S.; Go ̀dia, F.; Segura, M. M.
Optimization of HEK 293 cell growth by addition of non-animal
derived components using design of experiments. BMC Proc. 2011, 5,
No. P126.
(74) Tacar, O.; Sriamornsak, P.; Dass, C. R. Doxorubicin: an update
on anticancer molecular action, toxicity and novel drug delivery
systems. J. Pharm. Pharmacol. 2012, 65, 157−170.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03977
ACS Omega 2024, 9, 39626−39642

39642

https://doi.org/10.1002/marc.201800216
https://doi.org/10.3389/fphar.2019.01222
https://doi.org/10.3389/fphar.2019.01222
https://doi.org/10.1016/0304-3835(85)90159-4
https://doi.org/10.1080/01635581.2018.1464347
https://doi.org/10.1080/01635581.2018.1464347
https://doi.org/10.31557/APJCB.2018.3.4.89-92
https://doi.org/10.31557/APJCB.2018.3.4.89-92
https://doi.org/10.31557/APJCB.2018.3.4.89-92
https://doi.org/10.1016/j.jpba.2021.114129
https://doi.org/10.1016/j.jpba.2021.114129
https://doi.org/10.1097/FPC.0b013e32833ffb56
https://doi.org/10.1097/FPC.0b013e32833ffb56
https://doi.org/10.3390/pharmaceutics12111084
https://doi.org/10.3390/pharmaceutics12111084
https://doi.org/10.3390/pharmaceutics12111084
https://doi.org/10.1021/mp100455h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp100455h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp100455h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-020-64828-1
https://doi.org/10.1038/s41598-020-64828-1
https://doi.org/10.1016/j.biopha.2020.110381
https://doi.org/10.1016/j.biopha.2020.110381
https://doi.org/10.1016/j.biopha.2020.110381
https://doi.org/10.3892/ol.2016.5192
https://doi.org/10.3892/ol.2016.5192
https://doi.org/10.3892/ol.2016.5192
https://doi.org/10.1186/1753-6561-5-S8-P126
https://doi.org/10.1186/1753-6561-5-S8-P126
https://doi.org/10.1111/j.2042-7158.2012.01567.x
https://doi.org/10.1111/j.2042-7158.2012.01567.x
https://doi.org/10.1111/j.2042-7158.2012.01567.x
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

