
Multifunctional Oxygenated Particles for Targeted Cancer Drug
Delivery and Evaluation with Darkfield Hyperspectral Imaging
Yi Wen, Wenjie Liu, Benjamin David, Wen Ren, and Joseph Irudayaraj*

Cite This: ACS Omega 2022, 7, 41275−41283 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We propose a novel multifunctional nanocarrier system for
targeted drug delivery for lung cancer theranostics. Oxygenated particles
(OPs) synthesized with an oxygen-encapsulating carboxymethyl cellulose shell
were used as a platform to deliver oxygen to the hypoxic tumor
microenvironment. The OPs synthesized could also be conjugated with
ligands (e.g., antibodies) to target cancer cells expressing the corresponding
antigens to deliver a drug, doxorubicin. In vitro testing of functionalized OPs
showed increased efficacy of doxorubicin against the proliferation of lung
cancer cells. Both confocal fluorescence imaging and darkfield microscopy
hyperspectral imaging validated the OP complex and its efficient targeting of
specific cells to deliver the therapeutic. The nanocarrier platform developed
can also serve as a diagnostic imaging reagent as demonstrated by darkfield
microscopy. Results show that the theranostic OPs developed with
multifunctional modalities enabled targeted drug delivery with improved efficacy and tracking of drug delivery vehicles by imaging.

■ INTRODUCTION
An estimated 236,740 new cases of lung cancer will be
diagnosed and 130,180 deaths will occur in 2022 in the United
States. Lung cancer is one of the most common causes of
cancer deaths among both sexes, amounting to a quarter of all
cancer deaths.1 Late diagnoses and limited treatment options
are cited as major causes for the high mortality rate of lung
cancer patients.2 Of all lung cancer cases, around 84% are non-
small-cell lung cancer,1 which was resistant to treatment due to
its complex pathological mechanisms.3 Cancer cells express
several protein biomarkers as cell surface receptors. Epidermal
growth factor receptor (EGFR) is a transmembrane receptor
tyrosine kinase that is expressed in many normal epithelial,
neurogenic, and mesenchymal tissues. Previous studies have
implicated a positive correlation between EGFR overexpres-
sion or mutation and poor prognosis.3,4 Thus, EGFR can be
used as a surface marker for cancer diagnosis or for targeted
drug delivery to treat lung cancer. EGFR inhibitors have been
used to target and treat EGFR overexpressing cancer cells with
promising treatment outcomes in some patients.5

Due to both short-term and long-term adverse effects of
chemotherapy agents, which sometimes can be lethal, dosage
sufficient to treat certain cancers often cannot be adminis-
tered.6 The efficiency of free chemotherapeutic drugs can be
low due to free dispersal throughout the body. For instance,
cisplatin can be taken up and accumulated in the liver and
kidney, causing severe hepatotoxicity and nephrotoxicity.7

Doxorubicin is a widely used chemotherapeutic agent, which is
an antibiotic derived from bacterium Streptomyces peucetius.
The drug functions by intercalating DNA base pairs to cause

DNA strand breakage. However, it has potentially lethal
adverse effects, especially in cardiac tissues.8 Doxorubicin has
emerged as a good model drug to test the delivery system due
to its pharmacological and diagnostic functionality enabled by
its intrinsic fluorescence.9,10 Targeted delivery is a highly
desired attribute because it has the potential to decrease drug
toxicity in healthy tissues while targeting the diseased with
higher efficiency. Nanoparticles (NPs) have been used as
carriers to deliver chemotherapeutic drugs via biochemical or
physical mechanisms as a viable form of therapeutics
delivery.11−13 NPs can also be developed to co-deliver different
combinations of drugs while increasing the efficacy and
minimizing the side effects of each of these drugs.5 Nanocarrier
systems can also deliver pro-drugs, so that an active drug is
only formed at the location of interest.14 Some nanocarrier
systems can also perform on-demand drug release, in response
to a mechanical or chemical trigger.15,16 NPs have been
designed to confer multimodal or multi-functional attributes
ranging from drug delivery to diagnosis and imaging.17−20

With the cancer targeting functionality, these nanocarriers can
also be used to target cancerous tissues for diagnostic purposes.

Received: August 4, 2022
Accepted: October 20, 2022
Published: November 1, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

41275
https://doi.org/10.1021/acsomega.2c04953

ACS Omega 2022, 7, 41275−41283

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjie+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+David"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+Irudayaraj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04953&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04953?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04953?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04953?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04953?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04953?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/45?ref=pdf
https://pubs.acs.org/toc/acsodf/7/45?ref=pdf
https://pubs.acs.org/toc/acsodf/7/45?ref=pdf
https://pubs.acs.org/toc/acsodf/7/45?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Hypoxia is a common condition in tumor tissues and
hypoxia-driven pathways can exacerbate tumor growth.21,22 In
our previous works, we demonstrated that the oxygen-
encapsulated carboxymethyl cellulose (CMC) shell can be
triggered to release oxygen in a hypoxic and acidic environ-
ment around and inside tumor cells.23 CMC is an FDA-
approved pharmaceutical excipient. CMC-based oxygen nano-
bubbles possess a unique refractive index at the oxygen/shell
interface and can be imaged with a hyperspectral dark-field
microscope.24 However, our previous efforts in oxygen
nanobubble research were primarily systemic in nature and
did not target specific cells of interest. In this work, we
demonstrate an oxygen-encapsulated multifunctional nano-
carrier system for targeted drug delivery and hypoxia
mitigation.

Traditionally, fluorescence microscopy imaging has been
used to evaluate the interaction between targeted nanocarriers
and cells or tissues; therefore, diagnosing cancer tissues with
high specificity is possible. Herein, labeling nanoparticles with
fluorophores is a primary requirement. Primary antibodies
tagged with fluorophores are not only costly but can also limit
both the synthesis and functional properties of the nanoparticle
system due to their binding efficacy and spatial occupation.
Another unique attribute of our nanocarrier system is to
circumvent the labeling for imaging by fluorescence micros-
copy with darkfield microscopy (DFM), which can be label-
free. DFM coupled with a hyperspectral imaging system (HSI)
can be used to identify many nanoparticles with their
“signature” spectrum.25,26 DFM−HSI can achieve high
signal-to-noise ratio and can record high-resolution spectrum
at every pixel of the image. A DFM−HSI system is also
particularly suitable for imaging single cells to characterize
subcellular structures in both live and fixed cells.27,28

We propose the development of multifunctional oxygenated
particles (OPs) for both doxorubicin-targeted delivery and
mitigation of hypoxia to improve drug efficacy and human non-
small-cell lung carcinoma cell diagnosis. We evaluated
antibody-modified and drug-loaded OPs for effective targeting
of cancer cell surface receptors for the targeted drug delivery
and imaging. The size of the OPs is tunable with the proposed
protocol in the range from 0.2 to 2 μm. The multifunctional
OPs were characterized with confocal fluorescence microscopy
and dark-field imaging. In this study, particles within sub-
micron to micrometer size range (0.5−2 μm) were used
because they could be imaged with higher visual clarity.

■ MATERIALS AND METHODS
OP Synthesis. OPs were synthesized via a cross-linking

reaction of the CMC monomers. First, 0.1−1% (w/v) sodium
carboxymethyl cellulose was thoroughly dispersed in Milli-Q
water by mixing with a homogenizer (Ultra-TURRAX T18,
IKA; Wilmington, NC, USA) at 5600 rpm for 3 min. Then, the
homogenization revolving speed was reduced to 2800 rpm and
continued till the end of synthesis. The solution was
oxygenated for 15 min to saturate the solution with oxygen.
While 1−2% v/v FC-72 (AC123791000, Fisher Scientific,
Hanover Park, IL, USA) was added to the solution to increase
the oxygen solubility in solution. During oxygenation, the
solution was sonicated with a probe sonicator (Branson
Sonifier SFX250, Emerson; St. Louis, MO, USA) with a
microtip continuously at 55% power output to speed up the
gas exchange. 0.005−0.01% v/v TWEEN 20 (P9416, Sigma-
Aldrich, St. Louis, MO, USA) was added immediately after

oxygenation. Then, the sonication was changed to the pulsing
mode with 0.2 s interval at 70% power output to compress and
produce nano- and micro-sized OPs.29 During a period of 120
s, 0.2−0.5% v/v of a 0.1−1% w/v aluminum chloride solution
was added to cross-link the CMC monomers around the nano/
micro-OPs to form oxygen-encapsulated particles with the
CMC shell. Then, 0.5% ammonium hydroxide solution was
added dropwise to neutralize. Particles of different sizes
obtained in the final solution were separated by centrifugation
or ultracentrifugation. Separated particles are dissolved and
stored in sterilized water. All experiments were performed with
particles made within 30 days.
Antibody Conjugation. Conjugation of antibodies onto

O P s w e r e p e r f o r m e d v i a E D C ( 1 - e t h y l - 3 - ( 3 -
dimethylaminopropyl)carbodiimide hydrochloride) (22980,
Fisher Scientific, Hanover Park, IL, USA) mediated reaction.
Protocol was modified per manufacturer’s instruction. OPs
were centrifuged to remove the liquid medium used to suspend
the particles. Particles were redispersed in 10 mM MES buffer
(pH = 4.7). Freshly prepared 20% v/v 100 mM EDC in water
was immediately added to the particle solution, along with
anti-EGFR antibodies (PIMA513269, Fisher Scientific)
proportional to the OPs. The reaction was carried out in a
microcentrifuge tube and rotated on a rotator for 6 h. Then,
the solution was spun down to remove the unreacted EDCs
and antibodies. The pellet was washed twice with MES buffer
following short centrifugation. Pellets were then redispersed in
water for doxorubicin loading.
Doxorubicin Loading. 5% v/v of 0.2 mg/mL doxorubicin

(Sigma-Aldrich, St. Louis, MO, USA) was added to the
antibody-conjugated OPs. The mixture was spun on a rotator
for 10 min to achieve maximum loading. Then, the solution
was spun down to remove the unreacted doxorubicin. Pellets
were then washed with Milli-Q water following short
centrifugation. Finally, doxorubicin-loaded and antibody-
conjugated OPs were dissolved in PBS and stored at 4 °C.
Cell Culture. Human non-small cell lung carcinoma cell

line A549 (ATCC; Manassas, VA, USA) was used as an in
vitro model to evaluate targeted drug delivery with anti-EGFR
antibody-conjugated OP conjugates. Epidermal growth factor
receptor (EGFR/HER1) was identified as a prominent marker
of the lung cancer cells and EGFR was chosen as the target
because it is highly expressed in A549 cells30 (Figure 2H).

A549 cells were cultured in the culture medium of 89%
Ham’s F-12K Medium (Gibco, Fisher Scientific), 10% v/v fetal
bovine serum (Gibco, Fisher Scientific), and 1% w/w penicillin
streptomycin Solution (Corning; Corning, NY, USA). Cells
were cultured in a humidified incubator with 5% carbon
dioxide at 37 °C. Cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) in PBS prior to
experimentation with OP.
WST-1 Cell Proliferation Assay. The WST-1 assay was

performed on lung carcinoma cells following different
treatments to assess their impact on cancer cell proliferation.
Around 7500 A549 cells were passaged in a 96-well plate and
grown for 24 h to achieve 30−40% confluency, following the
corresponding treatments. Cytotoxicity of doxorubicin was
tested for concentrations of 0.1, 0.5, 1, 2, or 5 μM to determine
the level of doxorubicin that exerts an effective but non-lethal
cytotoxic effect on A549 cells (Figure 3C). Finally, a
concentration of 0.5 μM was chosen from the tested
conditions and added to the doxorubicin-only (DOX)
treatment group. Figure 3D shows the cell proliferation results
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after 48 h of treatment. For the negative control, media was
added to the control. Anti-EGFR antibody-conjugated
doxorubicin-loaded OPs were added to cells to attain a
concentration of 0.5 μM doxorubicin in the antiEGFR-DOX-
OP group. OPs or anti-EGFR antibody-conjugated OPs with
an equivalent amount of OP to the experimental group were
added to their corresponding groups.

Cell proliferation reagent WST-1 (Roche, Pleasanton, CA,
USA) was added into the media after 48 h of treatment. After
30 min of incubation at 37 °C, absorbance of the formazan
product at 440 nm wavelength was measured with a reference
reading obtained at 600 nm wavelength.
OP Characterization. The size distribution of the

synthesized OPs with different size profiles was measured
with dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instruments; Worcestershire, UK). Data was
analyzed with Zetasizer software.

The amount of doxorubicin loaded onto OPs was assessed
with a microplate reader. The doxorubicin fluorescence signal
was excited at 485 nm; and emission measured at 590 nm
wavelength. To assess whether OPs interfere with the
fluorescence signal from doxorubicin, concentrated OPs were
added to 1 or 10 μM DOX. The doxorubicin fluorescence
signal with or without the presence on nanoparticles was
measured and presented in Figure 3A. To show that
doxorubicin fluorescence is linearly correlated to its concen-
tration between 0 and 20 μM, a standard curve was developed
(Figure 3B).
Confocal Fluorescence Microscopy. Confocal fluores-

cence microscopy (CFM) was used to confirm both the
successful conjugation of antibodies onto OPs and the loading
of doxorubicin. CFM was also utilized to validate the specificity
between the anti-EGFR antibody targeting the EGFR receptors
on A549 cells, as well as the biomolecular or cellular targeting
of antibody-conjugated OPs. Goat anti-mouse IgG secondary

antibody with Alexa Fluor 488 (A-11001, Fisher Scientific) and
a mouse IgG (Fisher Scientific) were used.

Confocal fluorescence images were obtained with an Alba
Confocal Fluorescence Lifetime Imaging system (ISS,
Champaign, USA). Details of the system are as described
previously.31 Briefly, a 488 nm picosecond pulsed laser at 50
MHz repetition rate was used as the excitation source, and the
emission passed through an apochromatic water immersion
objective (60×, NA = 1.2, Olympus). Photons were collected
by the same objective, then passed through a 50 mm pinhole,
and a 525/50 (for Alexa488) and 593/40 (for doxorubicin)
emission filter (Chroma) before reaching an avalanche
photodiode (SPCM-AQRH-15, Excelitas).
Darkfield Microscopy and Hyperspectral Imaging.

Darkfield microscopy was used to image OPs and its
interaction with cells. Images were first obtained with an
AmScope camera (Irvine, CA, USA). Hyperspectral images
were acquired with a CytoViva hyperspectral camera (Auturn,
AL, USA) and processed with CytoViva version of ENVI 4.8
software (Exelis Visual Information Solutions; Boulder, CO,
USA). Images were also analyzed with ImageJ software (64 bit
Java 1.8.0_112, NIH, Bethesda, Maryland, USA). Detailed
image processing details were adapted from our previous work
and described in the Supporting Information and Figure S3.32

Statistics. For comparison of the DOX fluorescence signal
with or without OPs, three replicates were used, and an
unpaired t-test was performed. For cytotoxicity assessment
from different treatments levels, six sets of independent
biological replicates of each treatment group were performed.
Average values of technical replicates were used to eliminate
the noise from instrumentation and measurements. Within
each set, the data of experimental groups were normalized to
the control group. Normality was tested within each treatment
group with the Shapiro−Wilk test. Unpaired t-test was
performed for this case−control study.

Figure 1. Characterization of OPs. (A) Confocal brightfield image of OP with different sizes. (B) Three different sizes of OP obtained from
separation method. (C) Example size distribution of ONBs with Z-average of 289.8 nm, taken with DLS.
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■ RESULTS AND DISCUSSION
OP Characterization. The synthesized OPs consist of a

gaseous oxygen core encapsulated by a layer of polymeric
cellulosic shell. Brightfield images of a mixture of OPs are
shown in Figure 1A. Nonuniformity of the refractive index due
to the core−shell structure generates light scattering conducive
to DFM−HSI imaging.24,33 The synthesis parameters can be
adjusted to formulate both nano-sized and micro-sized
particles. Post-synthesis separation via centrifugation and
ultracentrifugation can be used to obtain monodispersed OPs
with the desired size. Particle size diameter was measured with
DLS. Figure 1C shows the dispersion of OPs with an average
diameter of 300 nm. Figure 1B shows small, medium, and large
OPs that were separated by 15,000 rpm, 10,000 rpm, or 4000
rpm centrifugation, respectively. With DFM−HSI, OPs less
than 500 nm in diameter that could contribute to higher light
scattering was used for dark-field imaging purposes. For
confocal imaging, particles in the micro to sub-micron range
were used in our experiments, due to their clear optical
resolution that helped us to identify and demonstrate the
interaction between particles and cells. Although the particle
size can be varied as shown in this work, particles larger than

200 nm in diameter can more easily be cleared from the
circulatory system into the liver or kidney.34 Oxygen inside the
particles can be released when placed in an acidic environment
induced by the breakage of the particles and acts as a
supplement to treat hypoxic conditions in tumors, as shown in
our previous studies.23,35 OP complexes conjugated with
antibodies loaded with doxorubicin were imaged with both
confocal brightfield microscopy fluorescence imaging (Figure
2D−F) and darkfield microscopy hyperspectral imaging
(Figures 4A and 5A).
Antibody Conjugation Validation. Anti-EGFR antibody

was selected because EGFR are widely and highly expressed in
lung cancer cells.4 Previous studies have shown the uptake of
EGF-conjugated nanoparticles mediated by EGFR in A549
cells.36 Having OPs conjugated with the anti-EGFR antibody
will facilitate the targeted delivery of molecular cargos to
cancer cells. Blocking the EGFR on cancer cells can also impair
cancer cellular activities through the inhibition mechanism.37

EDC-mediated conjugation between anti-EGFR antibody and
CMC shell was performed because the antibody comprises
amine groups and CMC particles contained carboxyl groups
(Figure S1). Because the anti-EGFR antibodies were of mouse

Figure 2. Confocal fluorescence microscopy imaging of functionalized OPs and its interaction with A549 cells. (A) OPs with primary antibody do
not have an intrinsic fluorescence signal. (B) OPs loaded with doxorubicin. (C) Functionalized OPs that can target free protein molecule. (D)
Doxorubicin fluorescence signal on functionalized oxygenated micro-particles. (D) Functionalized oxygenated micro-particles incubated with
secondary antibody with fluorophore to locate conjugated primary antibody. (F) Overlayed image of (D,E). (G) Intrinsic autofluorescence of A549
cell. (H) Anti-EGFR antibody-specific interaction with A549 cell. (I) Functionalized OP complex specific interaction with A549 cell.
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origin, the successful conjugation was accomplished by using a
secondary anti-mouse antibody labeled with fluorophore
(Alexa488). Signals of the secondary antibodies conjugated
to the primary antibody on OPs can be seen in Figure 2E, and
this figure was merged with doxorubicin fluorescence signals
(Figure 2F) to show the localization on OPs.
Doxorubicin Loading Validation. Doxorubicin was

selected as a model drug because of its intrinsic fluorescence
and wide usage in the treatment of lung cancer.8 OPs
conjugated with only anti-EGFR antibody were imaged and
did not contribute to any fluorescence, as expected (Figure
2A). The fluorescence signal from the particles was evident
upon successful loading of doxorubicin onto the CMC shell of
both submicron sized (Figure 2B) and micrometer sized OPs
(Figure 2D). Figure 2B further shows that OPs with
doxorubicin had a shelf life of at least 30 days in a neutral
pH environment at 4 °C. Carboxyl groups on the polymerized
CMC chains (Figure S1) can be negatively charged at neutral
pH, while solvated doxorubicin has an amine group that is

positively charged at neutral pH because the pKa of a primary
amine group is larger than 7.0.38 pKa = 8.46 for the amine
group on doxorubicin.39 We expect doxorubicin to be
conjugated to the surface of the CMC shell due to the
electrostatic interaction. Utilizing the same concept, CMC OPs
were loaded with two other chemicals with positively charged
functional groups, rhodamine 6G (989-38-8, Sigma-Aldrich, St.
Louis, MO, USA) and Dil dye (D3911, Fisher Scientific,
Hanover Park, IL, USA) (Figure S2). Instead of forming a
covalent bond between doxorubicin and the CMC shell or
encapsulate doxorubicin inside of the delivery vessel, the
mechanism of electrostatic interaction was found to be more
suitable for drug release studies in tumor tissues. Without the
need to disintegrate the CMC shell, oxygen can be released for
a prolonged period to mitigate the hypoxic tumor micro-
environment. On the other hand, an acidic tumor micro-
environment can trigger the separation of doxorubicin from the
CMC shell.

Figure 3. Targeted drug delivery with antibody-conjugated OP showing increased treatment efficacy. (A) Fluorescence signal of doxorubicin with
or without OPs mixed in the solution; error bar represents standard deviation, n = 3. (B) Calibration curve to correlate the doxorubicin
concentrations with fluorescence signals. (C) Cytotoxicity of doxorubicin on A549 cells through the WST-1 assay. (D) A549 cell proliferation assay
with different treatments; error bar represents standard error of mean, n = 6; *p-value < 0.05.
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To quantify doxorubicin loading onto OPs, fluorescence was
measured for 1 or 10 μM concentration of doxorubicin with or
without the addition of concentrated OPs. We did not observe
any statistically significant difference in either case (Figure 3A.
1 μM p-value = 0.1153, 10 μM p-value = 0.1163). Therefore, a
standard curve of DOX with OPs was developed to correlate
the fluorescence levels from doxorubicin with the correspond-
ing concentrations. As shown in Figure 3B, a linear relationship
was obtained between 0 and 20 μM of doxorubicin (Adj. R2 =
0.9907). From this linear standard curve, we note that
doxorubicin loading in functionalized OPs could be in the
range between 5 and 10 μM.
Drug Delivery through OPs Increased the Efficacy of

Doxorubicin. A cytotoxicity assay of doxorubicin on A549
cells was performed with the WST-1 assay. A linear
relationship was noted between cell proliferation rates and
doxorubicin treatment concentrations between 0 and 5 μM
(Figure 3C, R2 = 0.9834). With these results, 0.5 μM
doxorubicin was chosen for the following studies due to its
small but significant impact on A549 cells.

Because increased cell proliferation is one of the most
profound features of cancer cells, WST-1 proliferation assay
was used to assess the efficacy of doxorubicin and its equivalent
dosage delivered with functionalized CMC OPs. For nine sets
of biological replicates, each experimental group was compared
with its corresponding control group. No significant difference
was noted between the control and cells treated with
unmodified OPs (p_value is 0.1038) or between the control
and cells treated with OP complexes conjugated with anti-
EGFR antibodies (p_value is 0.5526). A 26.06% decrease in
proliferation was noted 48 h after 0.5 μM doxorubicin
treatment. In contrast, a 39.08% decrease in proliferation was
noted in the groups treated with 0.5 μM doxorubicin delivered
with anti-EGFR antibody-conjugated OPs. More importantly,
a significant increase of up to 39.19% in the inhibition
potential of cancer cell proliferation was achieved with
doxorubicin administration using the OP delivery platform
(p_value is 0.0372) relative to doxorubicin treatment alone.
Thus, assisted with a targeting ligand, delivery of cargo with
functionalized OPs can increase drug efficacy significantly.
Based on our previous studies, oxygen released from
nanoparticles has the potential to revert hypoxia by
methylation programming and alter the expression of
hypoxia-related factors.23 However, in this study, we
hypothesize that oxygen can act as a chemotherapy drug
sensitizer, as in our prior study.33 We note from Figure 3D that
without doxorubicin, OPs or antibody-conjugated OPs alone
were not able to decrease the viability of A549 cells.
Fluorescence Imaging of Functionalized OP Target-

ing Lung Cancer Cells. First, our functionalized OP
complexes were tested to target free protein molecules. Besides
cells, our OPs were found to target single biomolecules such as
hormones. In this case, the anti-mouse antibody labeled with
Alexa Fluor 488 was conjugated onto the surface of OPs. Free
mouse IgG was used as a model targeting ligand in our OP
system to validate target binding. Confocal fluorescence
microscopy (CFM) images shown in Figure 2C indicate that
multiple functionalized OPs could bind to the model system.
Our previous work has shown the targeting of EGFR in live
cells with fluorescence correlation spectroscopy.19 Human
non-small cell lung carcinoma cell line A549 was chosen as the
model system to demonstrate our target binding study and
evaluated with both CFM and DFM−HSI.

Using CFM, the autofluorescence of A549 was shown to be
minimal (Figure 2G). To test the specificity of anti-EGFR
antibody on A549 cells, fixed A549 cells were incubated with
diluted anti-EGFR antibodies for an hour. Cells were then
washed thoroughly and incubated with secondary antibody
with Alexa Fluor 488 for 1 h with another wash. Figure 2H
shows that EGFR was expressed throughout the surface of
A549 cell. Our functionalized OP complexes were then tested
by incubating with A549 cells in the same fashion as with free
antibody. Due to the intrinsic fluorescence of doxorubicin, the
functionalized OP complexes could be visualized and their
targeting of A549 cells was evident (Figure 2I).
Hyperspectral Imaging of the Functionalized OPs

Targeting Lung Cancer Cells. Dark-field microscopy
(DFM) was used either for standalone detection or in
combination with hyperspectral imaging (HSI) to further
demonstrate that our OP complexes could successfully target
cancer cells. Figure 4C shows the presence of OP complexes

under DFM with a regular camera for better resolution and
visualization. A549 cells without modification were shown in
Figure 4B as a control image. After incubation with OPs
without antibody conjugation, A549 cells did not retain any
OP (Figure 4C). Finally, A549 cells with functionalized OP
complexes bound after incubation was also shown (Figure
4D).

With HSI, spectral data from each pixel were retained.
Figure 5A shows the HIS of OP complexes. The spectra from
OP complexes were randomly selected to develop a spectral
library that represents the average spectrum of OP-complexed
conjugates, and their individual spectrum is plotted in Figure
5B. Figure 5C shows the HIS of A549 cells without OP as a
control. Using the spectral angle mapping (SAM) method,
with the collected OP complex spectral library, no matching
signal that represented the OP complex was mapped (Figure
5D). After incubation with OP complexes and a washing step,
a significant number of OP complexes were visible on the cells
(Figure 5E). Qualified signals representing OP complexes were
located with the SAM method and quantified (Figure 5F).

■ CONCLUSIONS
A multifunctional nanocarrier system that can more efficiently
deliver chemotherapeutic drugs and facilitate cancer tissue
imaging while ameliorating the hypoxic tumor microenviron-

Figure 4. Darkfield microscopy images of OPs and cells. (A) OP
complex. (B) A549 cells only. (C) A549 cells after incubation with
OPS without modifications. (D) A549 cells after incubation with the
functionalized OP complex.
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ment was constructed utilizing a functionalized OP complex
conjugated with the targeting ligand and loaded with a drug,
doxorubicin. Our results showed that the OPs can be
fabricated in nano or micrometer sized ranges and doxorubicin
could be successfully loaded onto the OPs due to an
electrostatic interaction between the positively charged amine
groups on doxorubicin and negatively charged carboxyl groups
on the CMC. Anti-EGFR antibody was conjugated onto the

surface of OPs for specific targeting of EGFR expressing lung
cancer cells to release doxorubicin in an acidic tumor
microenvironment. Further, we show that drugs such as
doxorubicin delivered through our OP complexes can
significantly increase its efficacy against cancer cell prolifer-
ation. With DFM−HSI and further processing with SAM, we
further demonstrate specific targeting of cancer cells and
delivery of doxorubicin.

Figure 5. Darkfield microscopy hyperspectral imaging (HSI) of OPs and cells. (A) HSI image of OPs. (B) Spectral library of OPs taken in (A). (C)
HSI of A549 cells only. (D) SAM of any signal that represents OPs in (C). (E) HSI of A549 cells incubated with the OP complex. (F) SAM of
signals represents OPs in (E).
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In conclusion, we have constructed a multifunctional
nanocarrier system that can be loaded with chemotherapeutic
drugs for targeted delivery to increase drug efficacy. The
nanocarrier system is composed of the FDA approved CMC
shell and oxygen core that can also be used to mitigate hypoxia.
The developed approach constitutes a versatile theragnostic
platform for the assessment of targeting efficacy and
therapeutic efficacy of drugs for cancer and other diseases.
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