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Abstract

Intracellular delivery vehicles comprised of methacrylated alginate (Alg-MA) were developed for
the internalization and release of doxorubicin hydrochloride (DOX). Alg-MA was synthesized via
an anhydrous reaction, and a mixture of Alg-MA and DOX was formed into sub-microspheres
using a water/oil emulsion. Covalently crosslinked sub-microspheres were formed via exposure to
green light, in order to investigate effects of crosslinking on drug release and cell internalization,
compared to traditional techniques such as ultra violet (UV) light. Crosslinking was performed
using light exposure alone, or in combination with ionic crosslinking using calcium chloride
(CaCly). Alg-MA sub-microsphere diameters were between 88 — 617 nm, and zeta-potentials were
between —20 and —37 mV. Using human lung epithelial carcinoma cells (A549s) as a model,
cellular internalization was confirmed using flow cytometry; different sub-microsphere
formulations varied the efficiency of internalization, with UV-crosslinked sub-microspheres
achieving the highest internalization percentages. While blank (non-loaded) Alg-MA sub-
microspheres were non-cytotoxic to A549s, DOX-loaded sub-microspheres significantly reduced
mitochondrial activity after five days of culture. Photo-crosslinked Alg-MA sub-microspheres may
be a potential chemotherapeutic delivery system for cancer treatment.
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1. INTRODUCTION

Lung cancer is one of the most widespread type of carcinoma, resulting in the largest
number of cancer-related deaths around the world.1-3 Greater than 85% of lung cancer cases
are currently classified as non-small-cell lung cancer (NSCLC), including adenocarcinoma,
squamous-cell carcinoma and large-cell carcinoma. Despite the recent advances in early
detection and cancer treatment, NSCLC is often diagnosed at an advanced stage and has a
poor prognosis.1 Chemotherapy is one of the current recommended treatments to prevent or
reduce tumor-induced symptoms, prolong patient survival, and maintain patient quality of
life.# Chemotherapy treatments can last as long as 6 months at high parenteral dosages, and
are frequently associated with systemic toxicity.>

Doxorubicin hydrochloride (DOX) is one of the most widely used chemotherapeutic drugs,
and is known as an anthracycline antibiotic.” The main anti-cancer mechanisms that have
been suggested for DOX fall into the following categories: 1) DOX intercalation into DNA,
shutting down protein synthesis and DNA replication; 2) DOX-induced production of
reactive oxygen species (ROS), inducing DNA damage and/or lipid membrane peroxidation;
3) DNA crosslinking, binding and alkylation; 4) DOX interference with DNA unwinding,
strand separation and helicase activity; 5) damage to the bilayer structure of cell membranes;
6) DNA inhibition of topoisomerase Il, initiating DNA damage pathways. All the above
activities require that DOX be presented inside the cytoplasm,®-10 which requires
intracellular delivery of DOX to cancer cells. DOX treatment induces several side effects
including nausea, vomiting, and fever in patients.!1 A significant incidence of cardiovascular
side effects — hypotension, tachycardia, arrhythmias, and ultimately congestive heart failure
— are also reported.8: 12 Therefore, there is a need for drug delivery systems which efficiently
encapsulate and deliver chemotherapeutics while reducing adverse events. As a small
molecule, concerns of low encapsulation efficiency, drug leakage, and aggregation limit the
therapeutic efficacy of DOX, and complications associated with sterilization have not been
resolved.>

Modern drug delivery systems are designed to maintain the structure and bioactivity of
biomolecules and to release therapeutics in a controlled and predictable manner.
Microencapsulation is one of the core technologies used in polymer drug delivery systems.13
However, the relatively large micron-size (> 10 um) of the drug delivery particles limits
cellular internalization. Therefore, the association of DOX to sub-micron carriers has drawn
greater interest,4 including liposomes,1® nanospheres and sub-microspheres,16 and
micelles.’

Alginate is an unbranched polysaccharide consisting of 1—4 linked p-D-mannuronic acid
(M) and its C-5 epimer a-L-guluronic acid (G). Alginate is extracted from brown seaweed,
and has been investigated for biomedical and pharmaceutical applications due to its
relatively low cost, low toxicity, biocompatibility, and biodegradability.18-21 Alginate
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particles have increasingly been shown to offer controllable drug encapsulation efficiencies
and release profiles, while maintaining the bioactivity of various drugs, including proteins,22
cytokines,23 and small molecules.?* Through the formation of a water/oil emulsion and
subsequent exposure to calcium ions, alginate particles within the micrometer — nanometer
size scale can be generated, and are often referred to as ionically crosslinked alginate
particles.20: 22,25

The fabrication of alginate microspheres and sub-microspheres is favorable for drug delivery
due to the relatively mild ionic gelation process.?2: 26 However, limitations associated with
the relatively weak ionic bonds include low drug encapsulation efficiency and rapid drug-
release rates (< 24 h).2” To overcome these limitations, methacrylated alginate (Alg-MA)
was synthesized 28 and sub-microspheres were generated utilizing a water/oil emulsion 22
and subsequent crosslinking. Alg-MA sub-microspheres were covalently crosslinked using
photoinitiators and visible (i.e., green) or UV light irradiation.2® Dual-crosslinked sub-
microspheres were generated with the subsequent addition of calcium chloride.22 To
evaluate the efficiency of internalization and the bioactivity of DOX-loaded Alg-MA sub-
microspheres, human lung epithelial carcinoma cells (A549s) were utilized as a model
system. We hypothesized the dual-crosslinking would result in a tighter hydrogel network
for more efficient intracellular DOX delivery (Figure 1). DOX encapsulation efficiency and
in vitro release were quantified using an absorbance assay. While blank (non-loaded) Alg-
MA sub-microspheres were non-cytotoxic to A549s, DOX-loaded sub-microspheres
significantly reduced mitochondrial activity after five days of /n vitro culture.

2. MATERIALS AND METHODS

2.1. Materials and reagents

Sodium alginate (Myy = 65-75 kg/mol, 60-70% guluronic acid residues) was generously
donated by FMC BioPolymer. Irgacure D2959 was generously donated by Ciba Inc.
Biology-grade mineral oil, Span 80, Tween 80, ethylenediaminetetriacetic acid (EDTA),
deuterium oxide (D,0), dimethyl sulfoxide (DMSO, 99% anhydrous),
dodecyltrimethylammonium bromide salt (DTAB), methacrylic anhydride (MA), 4-
(dimethylamino)pyridine (DMAP), DOX, N-ethyl-N’(3-dimethylaminopropyl) carbodiimide
hydrochloric acid (EDC), N-hydroxysuccinimide (NHS), and an /n vitrotoxicology assay kit
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based) were
purchased from Sigma-Aldrich. One molar hydrochloric acid (HCI) and 1 M sodium
hydroxide (NaOH) were purchased from BDH ARISTAR®PLUS. Dichloromethane (DCM,
99.9%), sodium citrate, isopropanol, calcium chloride (CaCly,), sodium chloride (NaCl),
sodium citrate, Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12)
mammalian cell culture medium, Alexa Fluor® 647 cadaverine and 20X phosphate buffered
saline (PBS) were purchased from Fisher Scientific. Fetal bovine serum (FBS) was
purchased from Atlanta Biologics. Penicillin, streptomycin, and 0.25% trypsin EDTA were
purchased from Corning Cellgro. A549 (CCL-185™) human lung epithelial carcinoma cells
were purchased from ATCC®,
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2.2. Synthesis and characterization of methacrylated alginate (Alg-MA)

Alg-MA was synthesized utilizing an anhydrous reaction to control the degree of
methacrylation (DOM).28-29 Sodium alginate was rendered soluble in anhydrous DMSO
through an ion exchange with DTAB. Aqueous solutions of sodium alginate (1%, w/v) and
DTAB (2%, w/v) were prepared and slowly mixed while stirring at 1000 rotations per
minute (rpm). The precipitate was washed in DI water and lyophilized. A 1% (w/v) alginate-
DTA/DMSO solution was reacted with MA in the presence of a catalyst, DMAP, for 24
hours at room temperature. The solution was hydrolyzed through extensive dialysis in 0.2 M
sodium phosphate dibasic salt solution followed by further dialysis in DI water. Alginate
methacrylation was confirmed using 1H-NMR spectroscopy, (Bruker AVANCE 111 500 MHz
high-field NMR spectrometer) by the presence of methacrylate (6.25, 5.75 ppm) and
alginate methyl resonances (2.0 ppm). A 1% (w/v) polymer solution in D,O was analyzed at
room temperature, spinning at 20 Hz for 16 scans.28: 30 The DOM was quantified by peak
integration and calculation of the ratio between of the methyl protons at 2.0 ppm and the
newly formed methylene protons of methacrylate at 5.75 ppm and 6.25 ppm.30-31

2.3. Dual-crosslinked Alg-MA sub-microsphere design and fabrication

2.3.1. Sub-microsphere fabrication—Aqueous Alg-MA solutions were mixed with
photoinitiators for UV (0.05%, w/v, Irgacure D2959) or visible green light activation [1 mM
eosin Y (photosensitizer), 125 mM triethanolamine (initiator) and 20 mM 1-
vinylpyrrolidone (catalyst)], respectively. Two percent (w/v) Alg-MA solutions were mixed
with 0.1% (w/v) DOX and formed into sub-microspheres using a water/oil emulsion and
subsequent crosslinking (Figure 2). Alg-MA sub-microspheres without DOX were
fabricated as blank (i.e., non-loaded) controls.22 One milliliter of polymer/DOX solution
was slowly added to 6.72 mL of biological-grade mineral oil containing 5% (v/v) Span 80,
while mixing at 1200 rpm for 5 minutes at room temperature. Subsequently, 400 pL of 30%
(v/v) Tween 80 (in biological-grade mineral oil) was added and mixed for an additional 5
minutes. Crosslinking was performed four different ways: 1) green light exposure for 10
minutes (Green, using 525 nm wavelength, NFLS-G30 3-WHT, SuperBrightLEDSs); 2) UV
light exposure for 10 minutes (UV, using 320-390 nm wavelength, Uvitron Intelliray 400);
3) green light plus 5 mL of 0.5 M CaCls, mixing for 15 minutes (Green+C); and 4) UV light
plus 5 mL of 0.5 M CaCly mixing for 15 minutes (UV+C).28 After crosslinking, 3 mL of
isopropanol was added to the emulsion and mixed for 5 minutes, then centrifuged at 400 rpm
for 5 minutes to precipitate sub-microspheres. Alg-MA sub-microspheres were washed
sequentially with isopropanol (x2) and DI water (x2), respectively, and centrifuged after
each wash.

The diameters and zeta-potentials (i.e., surface charge) for hydrated, blank and DOX-loaded
Alg-MA sub-microspheres were quantified using dynamic light scattering (DLS, Zetasizer
Nano ZSP, Malvern). Sub-microspheres were suspended in PBS, pH = 7.4, at room
temperature. Hydrodynamic diameters were determined based on number averages, and the
size distribution was plotted for each sub-microsphere group. After lyophilization, Alg-MA
sub-microspheres were characterized by scanning electronic microscopy (SEM, JEOL 600);
samples were sputter coated with 45 nm of Au-Pb prior to imaging. SEM micrographs of
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various magnifications were used to visualize or attempt to visualize Alg-MA sub-
microspheres.

2.4. Drug loading and mechanisms of release

Covalently and/or dual-crosslinked Alg-MA sub-microspheres were evaluated for use as
chemotherapeutic delivery vehicles. DOX was utilized as a model drug for its intrinsic UV
absorbance and ease of quantification, for drug encapsulation, drug release and effectiveness
assays. To determine whether or not UV or green light exposure changed the chemical
structure or bioactivity of DOX, aqueous DOX solutions were exposed to UV and green
light for 10 minutes, and then characterized by H-NMR, using non-modified DOX as a
control. DOX encapsulation efficiency, i.e., drug retention during sub-microsphere
fabrication, was calculated as a percentage of the initial loading concentration. Covalent
crosslinking of the sub-microspheres prevents dissolution; therefore, an extended diffusion
process was utilized to quantify encapsulated drug. Briefly, 1 mg of sub-microspheres was
suspended in 1 mL of PBS, incubated at 37°C and agitated for three weeks. The solution
was centrifuged, and the supernatant was analyzed on a microplate reader (Synergy HT
microplate reader, BioTek) at 485 nm absorbance, and compared to standard curve (EE =
Actual Drug Encapsulated + Theoretical Drug Loaded). Detection of drug lost during
washing procedures was not possible due to presence of multiple phases of emulsion
additives and the absorbance detection limit of DOX on the equipment utilized.

To characterize in vitro release profiles, released DOX concentration was quantified using
the intrinsic absorbance at 485 nm in a 48-well tissue culture polystyrene (TCPS) plate at
37°C (Synergy HT microplate reader, BioTek). One milligram of lyophilized DOX-loaded
Alg-MA sub-microspheres was dissolved in 500 pL of PBS, pH 7.4 (n =3). At 1, 2, 4, 8, 12,
and 24 hours, and daily up to 11 days, 100 uL of PBS was removed for analysis, and
replaced with 100 L of fresh PBS to maintain the total volume. DOX concentration was
determined using an absorbance assay and generating a standard curve. Cumulative DOX
(ug) released over time was calculated by adding the mass of DOX released at each time
point per mass of sub-microspheres.

2.5. Cellular uptake of Alg-MA sub-microspheres

Four different formulations of blank (i.e., non-loaded) Alg-MA sub-microspheres were
reacted with Alexa Fluor® 647 cadaverine dye to form fluorescent sub-microspheres (Alexa
647-Alg-MA); the surface reaction chemistry was performed according to the manufacturers
protocol through carbodiimide chemistry at room temperature catalyzed by NHS/EDC. Alg-
MA sub-microspheres without DOX were used in order to avoid cell death during
internalization and analysis. A549s were seeded in 48-well TCPS plates at 25,000 cells/well
in 500 pL/well of standard growth culture medium (DMEM/F-12, 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin), and allowed to adhere for 24 hours at 37°C and 5%
COoy. Cells were then incubated with blank Alexa 647-Alg-MA sub-microspheres (n = 6 per
group) at 100 pg/mL, 37°C and 5% CO,. After 12 hours, culture medium containing Alexa
647-Alg-MA submicrospheres was removed, and adherent cells were thoroughly rinsed with
PBS three times to remove non-internalized and cell-surface-bound sub-microspheres. Cells
were trypsinized and re-suspended in PBS at 1x106 cells/mL, and analyzed by flow
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cytometry (BD LSRII Flow Cytometer) to quantify the percentage of A549s that internalized
the sub-microspheres. A549s cultured with no sub-microspheres, and cells cultured with
non-fluorescent sub-microspheres, were prepared and analyzed as controls.?2

2.6. Drug bioactivity and efficacy of Alg-MA sub-microsphere delivery vehicles

2.6.1. Cytotoxicity of blank and drug-loaded Alg-MA sub-microspheres—The
cytotoxicity of blank (i.e., non-loaded) and DOX-loaded sub-microspheres was evaluated
using a toxicology, MTT-based assay. A549s were seeded in 48-well TCPS plates at 25,000
cells/well in 500 puL/well of standard growth culture medium, and allowed to adhere for 24
hours at 37°C and 5% CO». Cells were then incubated in the presence of blank Alg-MA sub-
microspheres or DOX-loaded Alg-MA sub-microspheres (n = 6 per group, per fabrication
type) at sub-microsphere concentrations of 10, 50, 100 pug/mL. After 24 hours, medium
containing sub-microspheres (blank groups and DOX-loaded groups) was removed, cells
were rinsed two times in sterile PBS, and then analyzed using a MTT-based assay according
to the manufacturer's protocol. The optical density was measured at 570 nm; background
absorbance at 690 nm was subtracted from the measured absorbance at 570 nm (Synergy HT
microplate reader, BioTek). Absorbance values for the experimental samples were
normalized to controls and reported as normalized mitochondrial activity.2?

2.6.2. Effect of intracellular vs. extracellular drug delivery on cell
proliferation—The bioactivity of the DOX-loaded sub-microspheres was evaluated using a
similar method discussed in section 2.6.1. A549s were seeded in 48-well TCPS plates at
10,000 cells/well in 500 pL/well of standard growth culture medium, and allowed to adhere
for 24 hours. Cells were incubated in the presence of DOX-loaded Alg-MA sub-
microspheres (n = 6 per fabrication type) at sub-microsphere concentrations of 10, 50, and
100 pg/mL. A549s and Alg-MA sub-microspheres were co-cultured for 5 days with media
exchanges. Free DOX (i.e., DOX contained within the cell culture medium) was added to
Ab49s at different concentrations (5, 4, 3, 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03, 0.015and 0
pg/mL) to compare the effect of intracellular versus extracellular DOX delivery. After 1, 3
and 5 days of culture, a MTT-based assay was performed according to the manufacturer's
protocol, to quantify the effects of DOX-loaded Alg-MA sub-microspheres and free DOX on
in vitro cancer cell proliferation. Absorbance values for the experimental samples were
normalized to controls and reported as normalized mitochondrial activity.22

2.7. Data analysis

The quantitative results for all experiments are reported as mean * standard deviation.
Statistical analysis was performed on Alg-MA sub-microsphere co-cultured cell assays,
using one-way ANOVA with DUNNETs method (a = 0.05) via the SAS statistics program
in the GLM procedure, as the post-test to compare all of the groups. A p < 0.05 was
considered significantly different.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fenn et al. Page 7

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of Alg-MA

The chemical madification of alginate rendered it hydrophobic and soluble in organic
solvents. An anhydrous methacrylation of alginate resulted in a functionalized
biomacromolecule with a controllable DOM.28 1H-NMR spectra for Alg-MA and non-
modified alginate are shown in Supplemental Figure S1. The DOM for the Alg-MA used as
the base material in the sub-microspheres was approximately 64%.31-34 Peaks between 3.0
and 3.5 ppm indicate methyl groups at the end of alginate chains resulting from degradation
during the methacrylation chemistry.

3.2. Fabrication and characterization of dual-crosslinked Alg-MA sub-microspheres

The formation of Alg-MA sub-microspheres was indicative of a crosslinked hydrogel
network, obtained through either covalent crosslinking3® (e.g., via photo-crosslinking) alone,
or in combination with ionic crosslinking (e.g., by the addition of CaCl,), as illustrated in
Figure 2.27:35-36 The DOM for the Alg-MA base material was 64%, and this moderate-
DOM sustained both covalent and ionic crosslinking. Photo-crosslinking occurred upon UV
or green light activation between adjacent acrylate groups, while the subsequent presence of
CaCls induced ionic crosslinking between adjacent carboxyl groups. While methacrylation
took place at available hydroxyl groups, ionic crosslinks formed between adjacent carboxyl
side-groups on neighboring alginate chains, thus allowing Alg-MA to sustain dual-
crosslinking.

DOX-loaded sub-microsphere hydrodynamic diameters were quantified using DLS analysis
(Table 1). The largest populations of DOX-loaded sub-microspheres were sized between 243
—391 nm: UV = 243 nm, Green = 391 nm, UV+C = 346 nm, Green+C = 358 nm. The
variability of the sub-microsphere diameters, plotted as size distributions in Figure 3A+B, is
an almost unavoidable result of the emulsion process, and is indeed a limitation of the
fabrication method; however, the linear size distribution plots indicate the following: Alg-
MA sub-microspheres exhibited size populations within the same size scale, thus
demonstrating consistency in fabrication method. SEM images (see Supplemental Figure
S2) also indicated that Alg-MA sub-microspheres were spherical in shape, however
heterogeneous in size. The zeta-potentials ranged between —20 mV and —37 mV, and none
of the groups demonstrated any significant outlying data.

3.3. Swelling and diffusion-based drug release

The efficacy of Alg-MA sub-microspheres as chemotherapeutic delivery vehicles was
investigated. DOX was utilized as a model drug for its intrinsic UV absorbance and ease of
quantification for subsequent drug encapsulation, drug release and effectiveness assays. Alg-
MA sub-microspheres were designed to encapsulate DOX without interfering with the
detectability or bioactivity of DOX. Both photo-crosslinking alone or dual-crosslinking were
successful in fabricating DOX-loaded sub-microspheres. The low level of UV or green light
exposure required for sub-microsphere fabrication did not change the chemical structure of
DOX, verified by 1H-NMR spectroscopy (see Supplemental Figure S3), and the toxic effects
of DOX were still active.3” The mild-gelation techniques used to form Alg-MA sub-
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microspheres may retain the functionality and bioactivity of other therapeutics. Indeed, it
was hypothesized that secondary, ionic crosslinking may show no beneficial effect on DOX
encapsulation efficiency, however, the effect of ionic crosslinking may result in sustained
drug release due to a tighter hydrogel network structure.

The cumulative mass of DOX released over time was calculated from four different types of
Alg-MA sub-microspheres, and release profiles are shown in Figure 4. The DOX release
profiles followed two different trends — a linear release profile was seen during the first 8
hours of release, consistent with hydrogel-swelling induced drug release (see Figure 4A).
Cumulative DOX release profiles through 11 days are shown in Figure 4B. The release
profiles for UV, Green, and Green+C groups followed a logarithmic trend (trend line R? >
0.92), while the UV+C group followed a linear release profile up to 11 days (trend line R2 =
0.98); however, these trends were not analyzed further. The amount of DOX released did
show a similar trend with encapsulation efficiencies: dual-crosslinked sub-microspheres
encapsulated less drug and released less drug over an 11 day period.38-39 The introduction of
aqueous-based CaCl, solution to the emulsion resulted in drug loss due to DOX solubility in
aqueous solutions.4? The varying release kinetics with time suggest that the sub-microsphere
structure may be optimized further for controlled release applications, by varying the degree
of crosslinking to extend or delay the drug release rate.3® It is hypothesized that increasing
the drug-loading concentration, increased efficacy over longer time periods could be
achieved. Decreasing the variability in the diameter of the sub-microspheres and varying the
Alg-MA DOM may also result in varied release rates due to changes in the network
microstructure. However, sub-microsphere size homogeneity and drug release profile
optimization were outside the scope of this study and may be addressed through further
investigations.

3.4. Cellular uptake of Alg-MA sub-microspheres

Uptake of Alg-MA sub-microspheres into A549s was quantitatively determined via flow
cytometry to detect the fluorescent signal of Alexa-647-labeled sub-microspheres. Non-
treated A549s and cells cultured with non-fluorescently labeled sub-microspheres were used
as controls. Utilizing gate settings based on the fluorescent intensity level of the probe,
negative and positive populations were established, and it was found that all four types of
Alg-MA sub-microspheres were readily internalized by A549s.22 The positive population
was > 80% in all four treatment groups (Figure 5A-F). UV crosslinked Alg-MA sub-
microspheres (single and dual-crosslinked) exhibited higher internalization rates compared
to green light crosslinked groups (Figure 5G), which may be related to sub-microsphere
diameter; however, statistics were not performed on the internalization data.

3.5 Cytotoxicity of blank and drug-loaded Alg-MA sub-microspheres

To verify the non-toxicity and retention of DOX bioactivity after sub-microsphere
encapsulation, MTT assays were performed on blank Alg-MA sub-microspheres and DOX-
loaded Alg-MA sub-microspheres after 24 hours of culture with A549s to quantify
mitochondrial activity. A549 viability was assessed in the presence of Alg-MA sub-
microspheres at increasing concentrations (10, 50, 100 pug/mL, Figure 6). Blank Alg-MA
sub-microspheres (with no drug content) were minimally cytotoxic to A549s (mitochondrial
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activity > 80%) at concentrations up to 100 pg/mL (Figure 6A). Increased mitochondrial
activity may be attributed to low molecular weight soluble alginate (i.e., sugar) in the culture
media. Additionally, we hypothesize the reduced cytotoxicity seen in the UV+C group may
be due to enhanced clearance of residual UV photoinitiator upon secondary crosslinking
with an aqueous calcium chloride solution.*! DOX-encapsulated sub-microspheres delivered
bioactive drug, significantly reducing mitochondrial activity within 24 hours (Figure 6B).

3.6. Effect of intracellular vs. extracellular drug delivery on cell proliferation

Four different types of DOX-loaded Alg-MA sub-microspheres were cultured with A549s at
concentrations of 10, 50 and 100 ug/mL. In addition, different concentrations of free DOX
was added to the culture media and served a control. A short-term cell proliferation study
(utilizing an MTT assay) was performed for 5 days. On day 1, all of the Alg-MA sub-
microsphere groups reduced A549 proliferation, regardless of the crosslinking type or
concentration (Figure 7A). On days 3 and 5, the UV crosslinked Alg-MA sub-microspheres
showed the greatest reduction in the A549 proliferation. For comparison, normalized
mitochondrial activity was plotted versus free DOX, Figure 7B, or DOX-loaded sub-
microspheres calculated, Figure 7C. Compared to the free DOX control, Alg-MA sub-
microsphere-mediated delivery shows a similar decreasing trend as drug concentration
increases, though remains less effective. Also, it is likely that drug remains within the sub-
microspheres and is not released intracellularly. Another consideration is that due to the
extended drug release profile of DOX from sub-microspheres (Figure 4B), improved
efficacy beyond 5 days may be achieved. Indeed, photo-crosslinked microspheres alone are
advantageous for delivering a chemotherapeutic to cancer cells, at clinically-relevant
dosages, and decreased lung cancer cell mitochondrial activity.

4. Conclusions

The study reported here-in focused on the efficacy of utilizing crosslinked Alg-MA sub-
microspheres to intracellularly deliver a chemotherapeutic. Photo-crosslinked and dual-
crosslinked Alg-MA sub-microspheres successfully encapsulated DOX, were internalized by
Ab49s, and delivered DOX to A549s, reducing mitochondrial activity compared to non-
modified cell controls. The outcome of this study suggests that photo-crosslinking alone, and
in particular green light activation, is an effective means of producing drug delivery vehicles,
and perhaps additional crosslinking steps or procedures are not beneficial, perhaps even
detrimental, to drug encapsulation efficiencies. Based on drug encapsulation predictions and
calculations, effective clinical drug dosages were achieved, as compared to free DOX
delivery, and were controllable. While the efficacy for using photo-crosslinking Alg-MA
sub-microspheres was shown during a short time frame (5 days) /n vitro, future in vivo work
may show enhanced drug efficacy using microsphere-mediated delivery compared to
exogenous intravenous chemotherapy over extended periods of time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of the hydrogel network structure comprising photo-crosslinked and dual-
crosslinked Alg-MA sub-microspheres. (I) Photo-crosslinked sub-microspheres exhibit a
porous hydrogel network with intermolecular covalent crosslinks, encapsulating DOX. (1)
Upon the addition of ionic crosslinking, the hydrogel network tightens, resulting in reduced
drug loss and slower diffusion-based drug release; this is the desired product. (111) However,
the introduction of aqueous-based calcium chloride (CaCl,) solution may result in drug loss
during the ionic crosslinking step. (IV) The non-ideal dual-crosslinked product may exhibit
lower drug loading capacity due to the additional steps in the fabrication process.
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Figure2.
(A) Chemical structure of methacrylated alginate (Alg-MA). Alg-MA was covalently

crosslinked in the presence of photoinitiators under light activation, to form photo-
crosslinked Alg-MA hydrogel networks. Alg-MA hydrogels were ionically crosslinked in
the presence of calcium chloride (CaCly) to form dual-crosslinked Alg-MA hydrogel
networks. (B) Schematic representation of microsphere fabrication techniques. Microspheres
with or without DOX were prepared by premixing Alg-MA solutions and creating a
water/oil emulsion at room temperature. Alg-MA sub-microspheres were photo-crosslinked
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upon exposure to visible or UV light, respectively, and further dual-crosslinked in the
presence of 1 M CaCls,.
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Page 16

Dynamic light scattering size distribution plots for photo-crosslinked and dual-crosslinked
Alg-MA sub-microspheres both non-loaded/blank (A) and DOX-Loaded (B): green photo-
crosslinked (Green), green + Ca2* dual-crosslinked (Green+C), UV photo-crosslinked (UV),
UV + Ca?* dual-crosslinked (UV+C). Hydrodynamic diameters were based on number-

average calculations.
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Quantitative cumulative release of doxorubicin (DOX) from Alg-MA sub-microspheres for
11 days (average * standard deviation, n = 6 hydrogel samples per group). Various
formulations of sub-microspheres were assessed: green photo-crosslinked (Green), green +
Ca?* dual-crosslinked (Green+C), UV photo-crosslinked (UV), UV + Ca2* dual-crosslinked
(UV+C). Sample aliquots were collected and the DOX concentration was determined using
a standard curve at an absorption wavelength of 485 nm. (A) Cumulative DOX release
profile during the first 8 hours. (B) Cumulative DOX release profile during 11 days.
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Figure5.
Flow cytometry analysis of Alg-MA sub-microspheres after 12 hours of co-culture with

human lung epithelial carcinoma (A549) cells. (A) Non-treated cell control, (B) cells
cultured with non-labeled blank sub-microspheres, (C) cells cultured with green photo-
crosslinked sub-microspheres, (D) cells cultured with green photo-crosslinked and calcium
crosslinked sub-microspheres, (E) cells cultured with UV photo-crosslinked sub-
microspheres, and (F) cells cultured with UV photo-crosslinked and calcium crosslinked
sub-microspheres. (G) Flow cytometry histograms were presented to show the different
fluorescence intensity between control cells and different Alg-MA sub-microsphere groups.
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Figure 6.
Human lung epithelial carcinoma (A549) cells were cultured in the presence of hydrogel

sub-microspheres for 24 hours in standard growth culture medium at 37°C and 5% CO,.
A549 mitochondrial activity was determined using an absorbance-based quantitative assay;
absorbance data for the groups treated with sub-microspheres were normalized to the non-
treated cell control (average + standard deviation, n = 6 hydrogel samples per group). The
cytotoxicity of Alg-MA sub-microspheres was analyzed on (A) blank (non-loaded) sub-
microspheres. The bioactivity of doxorubicin (DOX) was verified using (B) DOX-loaded
sub-microspheres. Various groups (white diamonds = green photo-crosslinked, white circles
= UV photo-crosslinked, black diamonds = green + Ca%* dual-crosslinked, black circles =
UV + Ca?* dual crosslinked) and sub-microsphere concentrations (10, 50, 100 pg/mL) were
characterized.
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Figure7.
The efficacy of doxorubicin (DOX)-loaded Alg-MA sub-microspheres as chemotherapeutic

delivery vehicles was assessed using a MTT-based assay, to quantify cell proliferation over a
5-day period. A549 activity was recorded as mitochondrial activity and normalized to non-
modified cell controls. Various formulations and concentrations (10-100 pg/mL) of sub-
microspheres were assessed: green photo-crosslinked (Green), green + Ca2* dual-
crosslinked (Green+C), UV photo-crosslinked (UV), UV + Ca?* dual-crosslinked (UV+C).
DOX was added exogenously (Free DOX) to the cell culture medium at various
concentrations to test the effect of intracellular versus extracellular DOX delivery. (A) Effect
of Alg-MA sub-microsphere concentration for each crosslinking type on A549
mitochondrial activity; (B) Effect of “free dox’ concentration on A549 mitochondrial activity
on days 1, 3, and 5; (C) Effect of DOX concentration encapsulated within Alg-MA sub-
microspheres on A549 mitochondrial activity on days 1, 3, and 5.
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Page 21

Dynamic light scattering (DLS) quantitative analysis of hydrodynamic diameters and zeta-potentials of blank
(i.e., non-loaded) and DOX-loaded photo-crosslinked and dual-crosslinked Alg-MA sub-microspheres. DOX

encapsulation efficiencies were determined using an absorbance assay after sub-microsphere fabrication.

Sub-Microsphere Group

Hydrodynamic Diameter by Number (nm)

Zeta-Potential (mV)

Encapsulation Efficiency (%)

Blank DOX Loaded Blank | DOX Loaded DOX L oaded
Green Light 334 391 -37 =27 28
UV Light 331 243 =21 =21 84
Green Light + Calcium 88 358 -29 -33 26
UV Light + Calcium 197 346 =27 -25 3
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