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Abstract: Doxorubicin (Dox) is known for its potential to deliver desirable anticancer effects against
various types of cancer including colorectal cancer. However, the adverse effects are serious. This
study aimed to synthesize polyethylene glycol diacrylate (PEGDA)/acrylic acid (AA)-based nanopar-
ticles (PEGDA/AA NPs) for Dox delivery to colorectal cancer cells. The NPs were synthesized
using free-radical polymerization reaction using the monomers PEGDA and AA with their physical
properties, drug loading and release, biocompatibility, and anticancer effect evaluated. The NPs were
spherical with a size of around 230 nm, with a 48% Dox loading efficiency and with loading capacity
of 150 µg/mg. Intriguingly, the NPs had the ability to prolong the release of Dox in vitro over 24 h
and were non-toxic to intestinal epithelial cells. Dox-loaded PEGDA/AA NPs (Dox-NPs) were able
to effectively kill the colorectal cancer cell line (HT-29) with the Dox-NPs accumulating inside the cell
and killing the cell through the apoptosis pathway. Overall, the synthesized PEGDA/AA NPs exhibit
considerable potential as a drug delivery carrier for colon cancer-directed, staged-release therapy.

Keywords: colorectal cancer; doxorubicin; nanoparticles; polyethylene glycol diacrylate; acrylic acid

1. Introduction

Colorectal cancer is the third leading cause of cancer-related mortality in men and
women [1]. Treatments such as chemotherapy, surgery, and radiotherapy are key current
methods used to treat colorectal cancer. Often, to achieve the desired outcome, two or more
treatment modalities are combined [2]. Surgery is the first-line strategy for colorectal cancer
treatment, especially if detected at an early stage. However, the disadvantage of such a
method is recurrence, which may lead to metastasis [3,4]. Although chemotherapeutic
agents have proved useful in cancer treatment, patients experience severe side effects,
for example, hair loss, fatigue, nausea and vomiting, constipation or diarrhea, anemia,
immunosuppression, and other organ toxicities [5,6]. Doxorubicin (Dox), an anthracycline
derivative, has been applied in various curative drug combinations for the treatment
of ovarian, breast, bladder, lung, and colon cancers [1,7]. Its mechanism of action is
intercalating the DNA base pairs and inhibiting DNA and RNA replication that causes
DNA damage and induces cellular apoptosis [8], and it is a very potent and cost-effective
compound compared with other therapeutic agents [9].

Nanotechnology can be a strategy to overcome some of the drawbacks of chemother-
apeutic compounds, such as improving the efficiency of drugs [10]. Notably, polymeric
nanoparticles (NPs) have been shown to have promising properties as a drug carrier, for
instance, prolonging drug release and, importantly, enabling specific targeting [11–16]. One
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of the most promising pharmacokinetic properties of NPs as drug carriers is the superior
accumulation of drug-loaded NPs in tumors compared to normal healthy tissues [10,17,18],
improving efficacy along with minimizing its adverse side effects [5,19]. PEGylation is
known to create a stealth property for the NPs, which creates a coating layer for its core
to avoid interactions with other components in the blood circulation as well as improv-
ing biocompatibility. Moreover, PEGylated nanocarriers can be prolonged in the blood
circulation due to the prevention of opsonization and phagocytosis. PEGylation commonly
occurs at the most outer layer of the nanocarriers, especially lipid-based nanocarriers
e.g., liposomes, niosomes, or those conjugated to the functional groups at the outer surface
of polymer-based nanocarriers [20–22].

PEGDA is a derivative of polyethylene glycol (PEG), with vinyl end groups that can
be used for polymerization that is soluble in water and offers very low toxicity [23]. Acrylic
acid is a monomer with good water solubility and biocompatibility [24]. In this study,
we focused on the synthesis of polyethylene glycol diacrylate (PEGDA)/acrylic acid (AA)
NPs for the delivery of Dox into colorectal cancer cells safely and efficiently. The research
proposed stealth NPs with negatively ionizable groups for anticancer drug delivery. The
NPs were created using swellable and inert monomer to provide stealth properties upon
hydration and facilitate compatibility and extended circulation as well as drug captivation
without coating necessity. Moreover, the negatively ionized monomer was selected to form
interactions with protonable active compounds, herein, Dox.

2. Materials and Methods
2.1. Materials

PEGDA (MW = 575), AA, Dox hydrochloride, N,N′-methylene bisacrylamide (MBA),
2,2′-azobis(2-methylpropionamidine) dihydrochloride (V50), and methylthiazolyldiphenyl-
tetrazolium bromide (MTT) were acquired from Sigma Aldrich (St. Louis, MO, USA).
Acetonitrile, methanol (HPLC grade), and ethyl acetate were supplied by Merck & Co.
(Darmstadt, Germany). Deuterium oxide (D2O) was purchased from Cambridge Isotope
Laboratories (Tewksbury, MA, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), L-glutamine, non-essential amino acids, and penicillin-streptomycin
were procured from Gibco BRL (Rockville, MD, USA). Annexin V binding buffer, annexin
V Alexa Fluor™ 647 conjugate, and SYTOX™ Green nucleic acid stain were bought from
Invitrogen (Carlsbad, CA, USA). Other solvents and reagents were used as received.

2.2. Synthesis of PEGDA/AA NPs

The synthesis of PEGDA/AA NPs was accomplished by surfactant-free emulsion
polymerization with different molar ratios of PEGDA and AA (0.5:1, 1:1, and 1:0.5) using a
procedure modified from a previous report [25]. In brief, 100 mL of deionized water was
placed in a clean round-bottomed flask and warmed to 70 ◦C while flushing with nitrogen.
To the warmed water, V50 (0.2% w/w) was added and stirred for >20 min. Meanwhile,
PEGDA, AA, and MBA (10 wt%) were mixed in 5 mL of ethyl acetate before being slowly
added into the initiator solution. The mixture was then stirred for 18 h to complete the
polymerization reaction. Consequently, trace reagents and unreacted monomers were
removed by dialysis against deionized water using dialysis tubing (MWCO = 3500 Da).
The dialysis medium was replaced every 6 h for 3 days. Then, water was removed by
lyophilization to give the dry PEGDA/AA NPs.

2.3. Characterization of PEGDA/AA Nanoparticles

The proton nuclear magnetic resonance spectra of the synthesized NPs were recorded.
The NPs were homogeneously dispersed in deuterated water (D2O) and analyzed on
an AVANCE III HD (Bruker, Billerica, MA, USA, operated at 300 MHz at 25 ◦C). The
chemical shifts are given as parts per million (ppm). Additionally, the NPs were analyzed
on an attenuated total reflection Fourier-transformed infrared (ATR-FTIR) spectrometer
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(Nicolet iS5, Thermo Scientific, Waltham, MA, USA) with 16 spectra collected between
400–4000 cm−1 with a resolution of 4.00 cm−1 [25].

The determination of the particle sizes and zeta potential of the PEGDA/AA NPs
was carried out by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) at 25 ◦C. The NPs were dispersed in ultrapure water (1 mg/mL)
and sonicated with a probe sonicator to disaggregate the particles. The dispersant was
diluted with ultrapure water (1:99) and added to the zeta cell through a 0.45 µm syringe
filter. Each colloidal sample was measured in triplicate.

The morphology of the PDGDA/AA NPs was observed by a transmission electron
microscope (TEM) (JEOL JEM-1400Flash, Tokyo, Japan) with an 80 kV accelerating voltage.
The NPs were suspended in water and stained with 1% uranium acetate on a support
grid. Furthermore, the appearance of the NPs was also determined using scanning electron
microscopy (SEM) (Tescan Mira 3, Brno-Kohoutovice, Czech Republic). The lyophilized
NPs were coated with a gold layer before analysis.

2.4. Drug Loading

Dox was loaded into the PEGDA/AA NPs using the adsorption method. Briefly,
20 mg of lyophilized PEGDA/AA NPs was suspended in 10 mL of Dox dissolved in
ultrapure water (weight ratios of NPs:Dox varied by slowly increasing the amount of Dox
to find optimal drug-loading condition (1:0.5, 1:1, and 1:2)). Thereafter, the mixtures were
shaken overnight using a rotary mixer. The Dox-NPs were then collected by centrifugation
(14,800 rpm for 10 min). The supernatant was discarded, and the pellet was washed twice
with ultrapure water. The dried Dox-NPs were collected after freeze-drying.

The content of Dox in the NPs was determined by adding 1 mg of Dox-NPs in 1 mL
of 0.1 M HCl in ultrapure water (2:98) and ultrasonicated for 1 h to instantly and com-
pletely extract the drug from the NPs, which was quantified by high-performance liquid
chromatography (HPLC). The chromatographic conditions were adapted from Dharma-
lingam et al. (2014), with slight modification with a mobile phase consisting of a mixture
of acetonitrile and water (pH 3) (30:70) delivered at a flow rate of 1.0 mL/min. The C-18
column (250 × 4.6 mm, 5 µm) was used with its temperature maintained at 30 ◦C, and the
drug was detected by a UV–Visible detector (480 nm) [26]. The loading capacity (LC) and
the loading efficiency (%LE) were calculated using Equations (1) and (2), respectively.

LC =
The amount of Dox quantified (µg)

The amount of Dox-NPs (mg)
(1)

%LE =
The amount of Dox quantified (mg)

The amount of Dox added (mg)
×100 (2)

2.5. Drug Release

The release of Dox from the PEGDA/AA NPs was carried out by dialysis with the
release characteristics studied for two release media; phosphate buffer saline (at pH 5.0
and pH 7.4). Firstly, 10 mg of the Dox-NPs and free Dox (with equivalent amount of Dox
to the Dox-NPs) were dispersed in the release medium (1 mL) and placed in a dialysis
bag (molecular weight cut-off = 6000–8000 Da). The bags were submerged in 25 mL of the
release medium and agitated at 75 rpm in an incubator shaker controlling the temperature
(37 ◦C). At each pre-defined time point, 1 mL of the release medium was sampled and
replaced with fresh medium.

2.6. Biocompatibility and Cytotoxicity

The biocompatibility of the blank NPs on the model intestinal epithelial cells (Caco-2)
was evaluated using an MTT assay. The cells were cultivated in DMEM supplemented with
10% FBS, 100 mM L-glutamine, 1% non-essential amino acids, 1% sodium pyruvate, and
0.1% penicillin-streptomycin. To the 96-well plates, the cells were seeded to a density of
10,000 cells/well and stored in a controlled environment (5% CO2, 95% air, 37 ◦C). Different
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concentrations (1–5000 µg/mL) of blank PEGDA/AA NPs were prepared in DMEM and
used to treat the cells for 24 h. The samples were removed, and the cells were washed
with sterile 1× PBS pH 7.4 before the MTT solution in DMEM (0.5 mg/mL) was replaced
and further incubated for 3 h. The resultant formazan crystals were dissolved in dimethyl
sulfoxide (DMSO), and the absorbance was measured on a microplate reader (Multimode
Microplate Reader, VICTOR Nivo™, Perkin Elmer, MA, USA) at 550 nm. The percentage of
cell viability was calculated relative to the untreated control cells.

The cytotoxicity of free Dox and Dox-NPs towards Caco-2 cells and human colorectal
adenocarcinoma cell line (HT-29) were also assessed using an MTT assay. The HT-29 cells
were grown in DMEM with 10% FBS, 100 mM L-glutamine, 1% non-essential amino acids,
and 1% penicillin-streptomycin. Free Dox and Dox-NPs (at a concentration range between
0.5–100 µg/ mL in serum-free DMEM) were used to treat both cell lines for 24 h. The relative
cell viability was calculated, and the IC50 values were computed from a dose–response
curve of log(concentration) vs. relative cell viability using GraphPad Prism v.5.01.

2.7. Cellular Uptake

Flow cytometry analysis was performed to investigate the uptake of Dox-NPs into the
HT29 cells. The HT29 cells were seeded into a 24-well plate to the density of 50,000 cells/well
and incubated for 24 h. The cells were then treated with either a solution of Dox or Dox-NPs
prepared in serum-free DMEM at the concentration equivalent to the IC50 value of free Dox.
At the specified time points (1, 2, 4, and 8 h), the cells were washed with PBS and serum-free
DMEM and detached with Accutase®. Once dispersed homogeneously, the cells were fixed
with 4% formaldehyde and stored at 4 ◦C until analysis. The mean fluorescent intensity
(MFI) of Dox inside the cells was analyzed using an Attune® NxT Flow Cytometer.

2.8. Cell Death Assay

An apoptosis cell death assay for free Dox and Dox-NPs was carried out using a
dual staining technique. Briefly, HT-29 cells were seeded in a 6-well plate to a density of
50,000 cells/well and incubated in a controlled environment until 60–70% confluency was
achieved. The cells were then treated with free Dox and Dox-NPs at various concentrations
(equivalent to 1, 3, and 5 µM of Dox). After 24 h, the cells were washed, detached, and
incubated with 1× annexin binding buffer in the dark. Consequently, the cell suspensions
were stained with annexin V Alexa Fluor™ 647 conjugate and 1 µM SYTOX™ Green. After
15 min incubation in the dark, the samples were analyzed by flow cytometry [27].

2.9. Statistical Analysis

All experiments were carried out in triplicate. The data are presented as mean ± standard
deviation (SD). Statistical analysis was calculated using Excel 2019, where p < 0.05 indicates
a significant difference.

3. Results and Discussions
3.1. Synthesis of PGGDA/AA NPs

PEGDA/AA-based NPs were successfully synthesized by a surfactant-free emulsion
polymerization reaction using the initiator V50, as shown in Figure 1.

The structure of the NPs was examined by 1H-NMR and ATR-FTIR and was fully con-
sistent with the proposed structure. The 1H-NMR spectra presented in Figure 2 illustrated
that the signals appeared at 5.9, 6.2, and 6.6 ppm in the PEGDA spectrum were attributed
to the vinyl groups of the molecule, whereas peaks at 2.7 and 4.4 ppm belonged to the
alkyl chain and methylene groups adjacent to the ether group, respectively [28,29]. The
vinyl group of AA was shown as doublets at 6.0, 6.3, and 6.7 ppm. However, the vinyl
signals almost completely disappeared after the polymerization process, indicating the
success in performing the reaction where the remaining peaks referred to the unreacted
vinyl of PEGDA. The polymerized chain showed multiplet signals between 1.3–4.7 ppm,
which represented the propagated polymer chain and PEG side chains [30]. The ATR-FTIR
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spectra of PEGDA/AA NPs are presented in Figure 3. The spectrum of PEGDA/AA NPs
corresponded to the expected structure with O–H stretching of carboxylic acid from AA,
C=O stretching which occurred in both monomers at 1726 cm−1, and asymmetrical and
symmetrical bending vibrations of C–H alkane from the polymerized chain and PEGDA
alkyl chain at 2866 cm−1 [31]. Moreover, the band at 1093 cm−1 represents the C–O stretch-
ing of PEGDA ether [30]. Considering the spectroscopic analyses, the PEGDA/AA NPs
were successfully synthesized through the described procedure.
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3.2. Particle Size, Size Distribution, Zeta Potential, and Morphology

The size, polydispersity index (PDI), and zeta potential of the PEGDA/AA NPs with
different ratios of PEGDA:AA are given in Table 1. The result revealed that all the NPs
were approximately 250 nm in diameter with a negative zeta potential due to the existence
of the carboxylic acid group of AA. The variation of the NPs composition did not affect the
average hydrodynamic diameter of the NPs but impacted the size distribution and the zeta
potential. According to the examination, the imbalanced molar ratio of the monomers for
this reaction (R1 and R3) led to a higher size distribution, which may affect the delivery
efficiency of the drug to the target cell [32,33]. Additionally, the alteration of monomers ratio
may affect the PDI, because the excessed monomer from the equivalence could gather and
form NPs of homo-monomer, creating NPs of different construction and size. The reduction
of acrylic acid in the reaction (R3) altered the zeta potential, which may lead to a lesser
colloidal stability [34]. The PEGDA and AA ratio of 1:1 (R1) displayed the narrowest size
distribution (p < 0.05), while maintaining a zeta potential value that promised good colloidal
stability. As the NPs were intended to target passively, homogenous size distribution is an
important criterion that needs to be considered [35], and therefore, this ratio was selected
for further experiments.

Table 1. Particle size, PDI, and zeta potential of the PEGDA/AA NPs. (* Significant difference from
PEGDA:AA (0.5:1)), n = 3.

Reaction PEGDA:AA Particle Size (nm) PDI Zeta Potential (mV)

R1 0.5:1 247.6 ± 4.0 0.40 ± 0.02 −29.9 ± 0.5
R2 1:1 232.0 ± 4.9 * 0.25 ± 0.03 * −18.0 ± 0.1 *
R3 1:0.5 254.0 ± 7.5 0.39 ± 0.02 −8.0 ± 0.6 *

The physical appearance of the NPs as observed under TEM and SEM (Figure 1)
showed that the PEGDA/AA NPs had a spherical-like shape with particle size comparable
to that obtained by DLS. The TEM images showed dispersion of the NPs with slight
aggregation on the copper grid, whereas NPs agglomeration was observed under SEM
(presumably because the sample was observed in a dried state with aggregation occurring
upon lyophilization due to the hydrophilic nature and large surface area to volume ratio of
the NPs) [36,37].
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3.3. Drug Loading

To investigate the LC and %LE of Dox on the PEGDA/AA NPs, various weight ratios
of Dox to NPs were loaded by the adsorption technique. The results are shown in Figure 4,
where it can be observed that once a larger amount of Dox was added, the LC and %LE
reduced. This determined that the Dox loading of the NPs was maximized at a PEGDA/AA
NPs:Dox ratio of 1:0.5. The LC obtained was 152.0 ± 0.77 µg/ mg. A reduction in %LE
upon higher Dox content confirmed that the NPs were fully loaded and that excess Dox
was removed (Dox was presumably adsorbed onto the NPs by electrostatic interactions
with the carboxylic groups of the NPs because Dox contains a protonated amino group
under physiological conditions [38]).
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Figure 4. The (a) LC and (b) %LE of the Dox-loaded PEGDA/AA NPs. (* Significant difference at
95% CI) The drug experiments and Dox quantification were performed in triplicate. Each column
represents the mean LC and %LE with standard deviation labelled.

3.4. In Vitro Drug Release

The drug release behavior of Dox from the NPs was investigated by the dialysis
method in PBS at two different pH values, which imitated the environments in the blood-
stream (pH 7.4) and tumor (pH 5.0). Dox release is shown in Figure 5, which shows that
free Dox was released rapidly from the dialysis tube at pH 5.0 and reached completion
within an hour. At pH 7.4, the free Dox showed a slower release with 60% after 30 min and
100% after 4 h. This may be due to the hydrophilic properties and ionization properties
of Dox, leading to rapid release with notable dissimilarity in a different environment [27].
At pH 5.0, Dox was released from the Dox-NPs at a slower pace than the free Dox with
only 54% released in 4 h. The release from the Dox-NPs was slower at pH 7.4 with less
than 50% of the Dox released after 12 h. Drug released was complete in 24 h for pH 5.0,
presumably resulting from protonation of the carboxylate ions within the NPs under more
acidic conditions, which resulted in the greater dissolution of the Dox [39]. The release
profile of Dox clearly presented that the drug released from the NPs significantly slower
at the physiological condition (pH 7.4) at all time points. Dox can freely diffuse across
the dialysis upon protonation of the carboxylate groups, the dissociation of Dox from the
NPs, and its hydrophilicity, which influenced the release. It seems that some Dox was not
completely protonated at pH 7.4, causing the drug to be trapped within the NPs. However,
the release was still gradually increased by time. These factors were related to the release
profile of Dox-NPs obtained [40,41]. According to the literature review on Dox delivery
to colorectal cancer, similar findings were found; for example, Lui et al. (2021) as well as
Abedi et al. (2021) reported that the release of Dox was pH dependent, where a more rapid
release was found at lower pH value, regardless of the NPs’ construction differences [42,43].
Furthermore, the release behavior of Dox from different kinds of NPs was found to collate
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to our findings. Norouzi et al. (2020) also reported faster release of Dox from iron oxide
NPS in the tumor microenvironment (pH 5.0) compared to the physiological condition [44].
It can be suggested that passive targeting drug delivery requires the drug to reside in the
carrier and be released upon reaching the target area. Therefore, the reduced Dox release
under the physiological conditions was beneficial for Dox delivery, while the drug was
expected to be released at the tumor site (more acidic pH) [39].
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3.5. Cytotoxicity Evaluation

The biocompatibility of the blank NPs was evaluated on the Caco-2 cells, a model for
the intestinal epithelial lining. The results are displayed in Figure S1 (ESI†). After treating
the cells with the blank NPs at concentrations ranging from 1–5000 µg/mL, cell viability
was over 85% for all concentrations, showing that the blank NPs were non-toxic to the
intestinal epithelial cells, presumably related to the biocompatibility and safety of PEG and
PEGDA [23,37].

The cytotoxicity of Dox and Dox-NPs toward the colorectal cancer cell line (HT-29) and
Caco-2 cell was studied, and the results are shown in Figures S2 and S3 (ESI†), respectively.
On HT-29 cells, free Dox had a highly toxic effect with an IC50 of 4.3 µg/mL, while the
IC50 value of the DOX-NPs was 11.8 µg/mL. This may be due to direct penetration of the
free drug into the nucleus, while the Dox from the NPs was gradually released. Both free
Dox and Dox-NPs had similar effects on the Caco-2 cells. The experiment revealed that the
Caco-2 cell viability of Dox and the Dox-NPs was greater than that found with the HT-29
cells (since the mechanism of action of Dox includes DNA damage and inhibition of cell
proliferation, and the doubling time of Caco-2 (62 h) is greater than that of HT-29 (23 h),
this leads to a lower level of death at the times analyzed).

3.6. Cellular Uptake

Cellular internalization is a crucial parameter to demonstrate the effectiveness of a
drug-loaded nanocarrier preparation. The cellular uptake results from flow cytometry
analysis are displayed in Figure 6. Over 2 h to 8 h, the MFI of Dox-NPs was significantly
higher than that of free Dox (p < 0.05), indicating a higher content of Dox inside the
colorectal cancer cells. Free Dox could penetrate the cells and rapidly interfere with cell
proliferation, causing rapid cell death. Meanwhile, the Dox-NPs were taken up by the
cell in the form of a drug-loaded nanocarrier and accumulated within the cell led to a
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higher MFI and slowly released the drug to perform its action. The slow release of the
drug from the nanocarrier resulted in higher IC50 values of Dox-NPs [45]. The cellular
uptake behavior of NPs likely occurred via endocytosis, while the free Dox, which is a
water-soluble molecule, was internalized into the tumor cell via passive diffusion [46].
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3.7. Apoptosis

A double-staining method was performed to assess the HT-29 cell death pathway and
analyzed via flow cytometry. The assay identified live, early apoptotic, late apoptotic, and
necrotic cells upon cells staining with an annexin V Alexa Fluor™ 647 conjugate and/or
SYTOX™ Green. The results are shown in Figure 7. Over 90% of the untreated control cells
and those treated with blank NPs were live and showed no cytotoxic effects. Free Dox at
lower concentrations did not show significant cell death but the effect was greatly enhanced
once the concentration became higher. This suggested that the concentration of free Dox
must reach an effective concentration to appropriately enter the cell membrane and nucleus,
perhaps saturating albumin binding. However, Dox-NPs induced apoptosis in HT-29 cells
in a dose-dependent manner. At 1 µM and 3 µM, DOX-NPs showed higher apoptosis cell
death (16% and 31%, respectively) than free Dox (5% and 9%, respectively). The nanocarrier
perhaps played a role in drug internalization and drug release within the cell. Therefore,
the cells were affected by the drug at lower concentrations. At a concentration of 5 µM,
apoptosis-directed cell death was approximately the same (~46%), showing that an effective
“killing” concentration to HT-29 cells was reached. Note that an apoptosis cell death route
is desirable, as this process prevents plasma membrane rupture and the leakage of cellular
materials, leading to a less inflammatory type death [27]. This also aligned with previous
in vitro studies that suggested that NP drug conjugates induced stronger activation of
apoptosis [18].
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Figure 7. Apoptosis assay of HT-29 cells after treating with control (untreated), blank NPs, free Dox
(1, 3, and 5 µM), and Dox-NPs (1, 3, and 5 µM). The experiments were performed using double
staining technique of annexin Alexa FluorTM 647 conjugate and SYTOXTM Green. The analysis was
acquired from 10,000 events.

4. Conclusions

PEGDA/AA NPs were synthesized as nanocarriers for Dox to allow delivery into
colorectal cancer cells. The NPs were spherical, nicely mono-sized, and a had negative
surface charge (via zeta analysis). Dox was adsorbed onto/into the NPs via electrostatic
interactions. The release of Dox was sustained once incorporated onto the PEGDA/AA NPs,
with the drug releasing more rapidly in an acidic environment (akin to that around a tumor)
than under normal physiological conditions. The synthesized NPs were biocompatible
with the intestinal epithelial lining. Dox-NPs were able to kill the cancer cell with an
acceptable IC50, and accumulated in the cell and acted against cancer via apoptosis, a
killing mechanism that is non-inflammatory compared to free Dox. In summary, the
synthesized PEGDA/AA NPs could be a tool for chemotherapeutic drug delivery to colon
cancer cells, and in vivo experiments are warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14030479/s1, Figure S1: Biocompatibility study of
blank NPs on Caco-2 cells; Figure S2: Percentage of cell viability of HT-29 cells after treatment with
free Dox and Dox-NPs; Figure S3: Percentage of cell viability of Caco-2 cells after treatment with free
Dox and Dox-NPs.

https://www.mdpi.com/article/10.3390/pharmaceutics14030479/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14030479/s1


Pharmaceutics 2022, 14, 479 11 of 13

Author Contributions: Conceptualization, P.P. and C.P.; Data curation, C.P.; Formal analysis, Y.Y.M.
and C.P.; Funding acquisition, P.P.; Investigation, Y.Y.M.; Methodology, Y.Y.M.; Project administration,
P.P. and C.P.; Resources, P.P.; Software, Y.Y.M.; Supervision, P.P. and C.P.; Validation, T.N., T.R. and
P.O.; Visualization, M.B.; Writing—original draft, Y.Y.M.; Writing—review and editing, M.B., P.P. and
C.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Reinventing University System Program by the Ministry of
Higher Education, Science, Research and Innovation (Fiscal Year 2021) and the Research and Creative
Fund, Faculty of Pharmacy, Silpakorn University, Thailand (Grant No. RGG 001/2563).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Financial support from Reinventing University System Program by the Ministry
of Higher Education, Science, Research and Innovation is gratefully acknowledgement. (Fiscal Year
2021) Also, the authors would like to thank the Research and Creative Fund, Faculty of Pharmacy,
Silpakorn University, Thailand (Grant No. RGG 001/2563) for financial and facility support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pan, D.C.; Krishnan, V.; Salinas, A.K.; Kim, J.; Sun, T.; Ravid, S.; Peng, K.; Wu, D.; Nurunnabi, M.; Nelson, J.A.; et al. Hyaluronic

acid-doxorubicin nanoparticles for targeted treatment of colorectal cancer. Bioeng. Transl. Med. 2021, 6, e10166. [CrossRef]
2. Chandran, S.P.; Natarajan, S.B.; Chandraseharan, S.; Mohd Shahimi, M.S.B. Nano drug delivery strategy of 5-fluorouracil for the

treatment of colorectal cancer. J. Cancer Res. Pract. 2017, 4, 45–48. [CrossRef]
3. Gu, X.; Wei, Y.; Fan, Q.; Sun, H.; Cheng, R.; Zhong, Z.; Deng, C. cRGD-decorated biodegradable polytyrosine nanoparticles for

robust encapsulation and targeted delivery of doxorubicin to colorectal cancer in vivo. J. Control. Release 2019, 301, 110–118.
[CrossRef]

4. Eng, C. Toxic effects and their management: Daily clinical challenges in the treatment of colorectal cancer. Nat. Rev. Clin. Oncol.
2009, 6, 207–218. [CrossRef]

5. Cisterna, B.A.; Kamaly, N.; Choi, W.I.; Tavakkoli, A.; Farokhzad, O.C.; Vilos, C. Targeted nanoparticles for colorectal cancer.
Nanomedicine 2016, 11, 2443–2456. [CrossRef]

6. Xiao, H.; Yan, L.; Dempsey, E.M.; Song, W.; Qi, R.; Li, W.; Huang, Y.; Jing, X.; Zhou, D.; Ding, J.; et al. Recent progress in
polymer-based platinum drug delivery systems. Prog. Polym. Sci. 2018, 87, 70–106. [CrossRef]

7. Binaschi, M.; Bigioni, M.; Cipollone, A.; Rossi, C.; Goso, C.; Maggi, C.A.; Capranico, G.; Animati, F. Anthracyclines: Selected new
developments. Curr. Med. Chem. Anticancer Agents 2001, 1, 113–130. [CrossRef]

8. Rana, D.K.; Dhar, S.; Sarkar, A.; Bhattacharya, S.C. Dual intramolecular hydrogen bond as a switch for inducing ground and
excited state intramolecular double proton transfer in doxorubicin: An excitation wavelength dependence study. J. Phys. Chem. A
2011, 115, 9169–9179. [CrossRef]

9. Xiong, S.; Xiao, G.W. Reverting doxorubicin resistance in colon cancer by targeting a key signaling protein, steroid receptor
coactivator. Exp. Ther. Med. 2018, 15, 3751–3758. [CrossRef]

10. Prados, J.; Melguizo, C.; Ortiz, R.; Vélez, C.; Alvarez, P.J.; Arias, J.L.; Ruíz, M.A.; Gallardo, V.; Aranega, A. Doxorubicin-loaded
nanoparticles: New advances in breast cancer therapy. Anticancer Agents Med. Chem. 2012, 12, 1058–1070. [CrossRef]

11. Jiang, H.; Liang, G.; Dai, M.; Dong, Y.; Wu, Y.; Zhang, L.; Xi, Q.; Qi, L. Preparation of doxorubicin-loaded collagen-PAPBA
nanoparticles and their anticancer efficacy in ovarian cancer. Ann. Transl. Med. 2020, 8, 880. [CrossRef]

12. Gao, J.; Dutta, K.; Zhuang, J.; Thayumanavan, S. Cellular- and Subcellular-Targeted Delivery Using a Simple All-in-One Polymeric
Nanoassembly. Angew. Chem. Int. Ed. 2020, 59, 23466–23470. [CrossRef]

13. Li, Y.; Maciel, D.; Rodrigues, J.; Shi, X.; Tomás, H. Biodegradable Polymer Nanogels for Drug/Nucleic Acid Delivery. Chem. Rev.
2015, 115, 8564–8608. [CrossRef]

14. Sur, S.; Rathore, A.; Dave, V.; Reddy, K.R.; Chouhan, R.S.; Sadhu, V. Recent developments in functionalized polymer nanoparticles
for efficient drug delivery system. Nano-Struct. Nano-Objects 2019, 20, 100397. [CrossRef]

15. Wang, T.; Rong, F.; Tang, Y.; Li, M.; Feng, T.; Zhou, Q.; Li, P.; Huang, W. Targeted polymer-based antibiotic delivery system: A
promising option for treating bacterial infections via macromolecular approaches. Prog. Polym. Sci. 2021, 116, 101389. [CrossRef]

16. Wu, P.; Gao, J.; Prasad, P.; Dutta, K.; Kanjilal, P.; Thayumanavan, S. Influence of Polymer Structure and Architecture on Drug
Loading and Redox-Triggered Release. Biomacromolecules 2022, 23, 339–348. [CrossRef] [PubMed]

17. Kanwal, U.; Irfan Bukhari, N.; Ovais, M.; Abass, N.; Hussain, K.; Raza, A. Advances in nano-delivery systems for doxorubicin:
An updated insight. J. Drug Target. 2018, 26, 296–310. [CrossRef]

http://doi.org/10.1002/btm2.10166
http://doi.org/10.1016/j.jcrpr.2017.02.002
http://doi.org/10.1016/j.jconrel.2019.03.005
http://doi.org/10.1038/nrclinonc.2009.16
http://doi.org/10.2217/nnm-2016-0194
http://doi.org/10.1016/j.progpolymsci.2018.07.004
http://doi.org/10.2174/1568011013354723
http://doi.org/10.1021/jp204165j
http://doi.org/10.3892/etm.2018.5912
http://doi.org/10.2174/187152012803529646
http://doi.org/10.21037/atm-20-5028
http://doi.org/10.1002/anie.202008272
http://doi.org/10.1021/cr500131f
http://doi.org/10.1016/j.nanoso.2019.100397
http://doi.org/10.1016/j.progpolymsci.2021.101389
http://doi.org/10.1021/acs.biomac.1c01295
http://www.ncbi.nlm.nih.gov/pubmed/34890192
http://doi.org/10.1080/1061186X.2017.1380655


Pharmaceutics 2022, 14, 479 12 of 13

18. Susa, M.; Iyer, A.K.; Ryu, K.; Hornicek, F.J.; Mankin, H.; Amiji, M.M.; Duan, Z. Doxorubicin loaded Polymeric Nanoparticulate
Delivery System to overcome drug resistance in osteosarcoma. BMC Cancer 2009, 9, 399. [CrossRef]

19. Augustin, E.; Czubek, B.; Nowicka, A.M.; Kowalczyk, A.; Stojek, Z.; Mazerska, Z. Improved cytotoxicity and preserved level of
cell death induced in colon cancer cells by doxorubicin after its conjugation with iron-oxide magnetic nanoparticles. Toxicol. Vitr.
2016, 33, 45–53. [CrossRef]

20. Suk, J.S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based drug and gene
delivery. Adv. Drug Deliv. Rev. 2016, 99, 28–51. [CrossRef]

21. Fam, S.Y.; Chee, C.F.; Yong, C.Y.; Ho, K.L.; Mariatulqabtiah, A.R.; Tan, W.S. Stealth Coating of Nanoparticles in Drug-Delivery
Systems. Nanomaterials 2020, 10, 787. [CrossRef] [PubMed]

22. Shen, Z.; Fisher, A.; Liu, W.K.; Li, Y. 1–PEGylated “stealth” nanoparticles and liposomes. In Engineering of Biomaterials for Drug
Delivery Systems; Parambath, A., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1–26.

23. Zhang, X.; Yang, D.; Nie, J. Chitosan/polyethylene glycol diacrylate films as potential wound dressing material. Int. J. Biol.
Macromol. 2008, 43, 456–462. [CrossRef] [PubMed]

24. Pornpitchanarong, C.; Rojanarata, T.; Opanasopit, P.; Patrojanasophon, P.; Ngawhirunpat, T. Synthesis of N-vinylpyrrolidone/Acrylic
acid nanoparticles for drug delivery: Method optimization. MATEC Web Conf. 2018, 192, 01020. [CrossRef]

25. Pornpitchanarong, C.; Rojanarata, T.; Opanasopit, P.; Ngawhirunpat, T.; Patrojanasophon, P. Preactivated-thiolated polyacrylic
acid/1-vinyl pyrrolidone nanoparticles as nicotine carriers for smoking cessation. RSC Adv. 2020, 10, 33517. [CrossRef]

26. Dharmalingam, S.; Ramamurthy, S.; Kumarappan, C.; Nadaraju, S. A Simple HPLC Bioanalytical Method for the Determination of
Doxorubicin Hydrochloride in Rat Plasma: Application to Pharmacokinetic Studies. Trop. J. Pharm. Res. 2014, 13, 409. [CrossRef]

27. Pornpitchanarong, C.; Rojanarata, T.; Opanasopit, P.; Ngawhirunpat, T.; Patrojanasophon, P. Catechol-modified chi-
tosan/hyaluronic acid nanoparticles as a new avenue for local delivery of doxorubicin to oral cancer cells. Colloids Surf. B
Biointerfaces 2020, 196, 111279. [CrossRef]

28. Ashjari, H.R.; Ahmadi, A.; Dorraji, M.S.S. Synthesis and employment of PEGDA for fabrication of superhydrophilic
PVDF/PEGDA electrospun nanofibrous membranes by in-situ visible photopolymerization. Korean J. Chem. Eng. 2018, 35,
289–297. [CrossRef]

29. Mamaghani, K.R.; Naghib, S.M.; Zahedi, A.; Rahmanian, M.; Mozafari, M. GelMa/PEGDA containing graphene oxide as an IPN
hydrogel with superior mechanical performance. Mater. Today Proc. 2018, 5, 15790–15799. [CrossRef]

30. Ma, G.; Zhang, X.; Han, J.; Song, G.; Nie, J. Photo-polymeriable chitosan derivative prepared by Michael reaction of chitosan and
polyethylene glycol diacrylate (PEGDA). Int. J. Biol. Macromol. 2009, 45, 499–503. [CrossRef]

31. Browe, D.P.; Wood, C.; Sze, M.T.; White, K.A.; Scott, T.; Olabisi, R.M.; Freeman, J.W. Characterization and optimization of
actuating poly(ethylene glycol) diacrylate/acrylic acid hydrogels as artificial muscles. Polymer 2017, 117, 331–341. [CrossRef]

32. Caster, J.M.; Yu, S.K.; Patel, A.N.; Newman, N.J.; Lee, Z.J.; Warner, S.B.; Wagner, K.T.; Roche, K.C.; Tian, X.; Min, Y.; et al.
Effect of particle size on the biodistribution, toxicity, and efficacy of drug-loaded polymeric nanoparticles in chemoradiotherapy.
Nanomedicine 2017, 13, 1673–1683. [CrossRef] [PubMed]

33. Yu, W.; Liu, R.; Zhou, Y.; Gao, H. Size-Tunable Strategies for a Tumor Targeted Drug Delivery System. ACS Cent. Sci. 2020, 6,
100–116. [CrossRef]

34. Pochapski, D.J.; Carvalho Dos Santos, C.; Leite, G.W.; Pulcinelli, S.H.; Santilli, C.V. Zeta Potential and Colloidal Stability
Predictions for Inorganic Nanoparticle Dispersions: Effects of Experimental Conditions and Electrokinetic Models on the
Interpretation of Results. Langmuir 2021, 37, 13379–13389. [CrossRef] [PubMed]

35. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

36. Honary, S.; Zahir, F. Effect of Zeta Potential on the Properties of Nano-Drug Delivery Systems—A Review (Part 2). Trop. J. Pharm.
Res. 2013, 12, 265–273. [CrossRef]

37. Pornpitchanarong, C.; Rojanarata, T.; Opanasopit, P.; Ngawhirunpat, T.; Patrojanasophon, P. Synthesis of novel N-
vinylpyrrolidone/acrylic acid nanoparticles as drug delivery carriers of cisplatin to cancer cells. Colloids Surf. B Biointerfaces 2020,
185, 110566. [CrossRef]

38. Mirza, A.Z.; Shamshad, H. Preparation and characterization of doxorubicin functionalized gold nanoparticles. Eur. J. Med. Chem.
2011, 46, 1857–1860. [CrossRef]

39. Yang, X.; Grailer, J.J.; Rowland, I.J.; Javadi, A.; Hurley, S.A.; Steeber, D.A.; Gong, S. Multifunctional SPIO/DOX-loaded wormlike
polymer vesicles for cancer therapy and MR imaging. Biomaterials 2010, 31, 9065–9073. [CrossRef]

40. Liu, Y.; Wang, W.; Yang, J.; Zhou, C.; Sun, J. pH-sensitive polymeric micelles triggered drug release for extracellular and
intracellular drug targeting delivery. Asian J. Pharm. Sci. 2013, 8, 159–167. [CrossRef]

41. Muhammad, F.; Guo, M.; Qi, W.; Sun, F.; Wang, A.; Guo, Y.; Zhu, G. pH-Triggered Controlled Drug Release from Mesoporous
Silica Nanoparticles via Intracelluar Dissolution of ZnO Nanolids. J. Am. Chem. Soc. 2011, 133, 8778–8781. [CrossRef]

42. Liu, G.L.; Wang, M.; He, H.Y.; Li, J.N. Doxorubicin-Loaded Tumor-Targeting Peptide-Decorated Polypeptide Nanoparticles for
Treating Primary Orthotopic Colon Cancer. Front. Pharmacol. 2021, 12, 744811. [CrossRef]

http://doi.org/10.1186/1471-2407-9-399
http://doi.org/10.1016/j.tiv.2016.02.009
http://doi.org/10.1016/j.addr.2015.09.012
http://doi.org/10.3390/nano10040787
http://www.ncbi.nlm.nih.gov/pubmed/32325941
http://doi.org/10.1016/j.ijbiomac.2008.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18809431
http://doi.org/10.1051/matecconf/201819201020
http://doi.org/10.1039/D0RA06039A
http://doi.org/10.4314/tjpr.v13i3.15
http://doi.org/10.1016/j.colsurfb.2020.111279
http://doi.org/10.1007/s11814-017-0260-5
http://doi.org/10.1016/j.matpr.2018.04.193
http://doi.org/10.1016/j.ijbiomac.2009.08.007
http://doi.org/10.1016/j.polymer.2017.04.044
http://doi.org/10.1016/j.nano.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28300658
http://doi.org/10.1021/acscentsci.9b01139
http://doi.org/10.1021/acs.langmuir.1c02056
http://www.ncbi.nlm.nih.gov/pubmed/34637312
http://doi.org/10.3390/pharmaceutics10020057
http://doi.org/10.4314/tjpr.v12i2.20
http://doi.org/10.1016/j.colsurfb.2019.110566
http://doi.org/10.1016/j.ejmech.2011.02.048
http://doi.org/10.1016/j.biomaterials.2010.08.039
http://doi.org/10.1016/j.ajps.2013.07.021
http://doi.org/10.1021/ja200328s
http://doi.org/10.3389/fphar.2021.744811


Pharmaceutics 2022, 14, 479 13 of 13

43. Abedi, F.; Davaran, S.; Hekmati, M.; Akbarzadeh, A.; Baradaran, B.; Moghaddam, S.V. An improved method in fabrication of
smart dual-responsive nanogels for controlled release of doxorubicin and curcumin in HT-29 colon cancer cells. J. Nanobiotechnol.
2021, 19, 18. [CrossRef]

44. Norouzi, M.; Yathindranath, V.; Thliveris, J.A.; Kopec, B.M.; Siahaan, T.J.; Miller, D.W. Doxorubicin-loaded iron oxide nanoparticles
for glioblastoma therapy: A combinational approach for enhanced delivery of nanoparticles. Sci. Rep. 2020, 10, 11292. [CrossRef]

45. Li, F.; Chen, W.-L.; You, B.-G.; Liu, Y.; Yang, S.-D.; Yuan, Z.-Q.; Zhu, W.-J.; Li, J.-Z.; Qu, C.-X.; Zhou, Y.-J.; et al. Enhanced Cellular
Internalization and On-Demand Intracellular Release of Doxorubicin by Stepwise pH-/Reduction-Responsive Nanoparticles.
ACS Appl. Mater. Interfaces 2016, 8, 32146–32158. [CrossRef]

46. Khaledian, M.; Nourbakhsh, M.S.; Saber, R.; Hashemzadeh, H.; Darvishi, M.H. Preparation and Evaluation of Doxorubicin-
Loaded PLA-PEG-FA Copolymer Containing Superparamagnetic Iron Oxide Nanoparticles (SPIONs) for Cancer Treatment:
Combination Therapy with Hyperthermia and Chemotherapy. Int. J. Nanomed. 2020, 15, 6167–6182. [CrossRef]

http://doi.org/10.1186/s12951-020-00764-6
http://doi.org/10.1038/s41598-020-68017-y
http://doi.org/10.1021/acsami.6b09604
http://doi.org/10.2147/IJN.S261638

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of PEGDA/AA NPs 
	Characterization of PEGDA/AA Nanoparticles 
	Drug Loading 
	Drug Release 
	Biocompatibility and Cytotoxicity 
	Cellular Uptake 
	Cell Death Assay 
	Statistical Analysis 

	Results and Discussions 
	Synthesis of PGGDA/AA NPs 
	Particle Size, Size Distribution, Zeta Potential, and Morphology 
	Drug Loading 
	In Vitro Drug Release 
	Cytotoxicity Evaluation 
	Cellular Uptake 
	Apoptosis 

	Conclusions 
	References

