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ABSTRACT:Triggered compound release has attracted consid-
erable attention in recent years. However, the concepts and carriers
reported for triggered release are often complex while nonapproved
ingredients are mostly used to make the carriers. In this study, a
bioinspired reactive oxygen species (ROS)-mediated delivery
system, triggered by light, is introduced. We took inspiration
from the well-known ROS mediated degradation of wood
(cellulose) by brown-rot fungi and designed microparticles which
consist of a core of cellulose nanocrystals, loaded with a drug,
surrounded by a light sensitive shell. Incorporating indocyanine
green, an FDA-approved photosensitizer, in the shell of the
microparticles generates ROS upon NIR laser irradiation, which
degrades the cellulose nanocrystals in the microparticles. It was
revealed that doxorubicin, encapsulated in the cellulose core and
used as a model compound in our study, becomes speci� cally released upon NIR irradiation of the microparticles. Attractive as well
is that the microparticles are prepared by a simple one-step gas-shearing process and fully consist of compounds generally regarded
as safe (GRAS).
KEYWORDS:Bioinspired release, Triggered drug release, Cellulose nanocrystals, Gas-shearing fabrication, Synergistic therapy

� INTRODUCTION

Triggerable systems for“on-demand” release of drugs have
received considerable attention in recent years.1 External
triggers reported to stimulate drug release include light,2

ultrasounds,3 and magnetic� elds.4 Internal triggers such as a
change in pH5 and the generation of reactive oxygen species
(ROS)6 are reported as well. While ROS play an important
role in the etiology of numerous diseases, ROS have indeed
been considered as an attractive stimulus. Examples of ROS-
sensitive materials include poly(propylene-sul� de),7� 10 sele-
nium-containing block copolymers,11� 14 boronic esters,15� 17

and poly(thioketal).18 These ROS-sensitive materials, and the
drug carriers made of them, are rather complex and consist of
nonapproved components. Therefore, ROS-sensitive carriers
composed of approved materials, generally considered as safe
(GRAS), would be highly attractive. Cellulose is one of the
most commonly used pharmaceutical excipients and is used all
over the world in the fabrication of tablets. We noticed that
wood cellulose becomes biologically degraded by ROS as
produced by natural brown-rot fungi.19� 21 Unlike� lamentous
fungi such asTrichoderma reesei, which rely on cellulase to
degrade cellulose,22 brown-rot fungi show a unique non-
enzymatic mechanism to degrade wood without a� ecting

lignin. More speci� cally, brown-rot fungi produce a mixture
(named Gt-chelator) which degrades cellulose through ROS.23

In this study, we introduce a concept for laser-triggered drug
release inspired by ROS mediated degradation of cellulose as
occurs in brown-rot fungi (Scheme 1). We hypothesize that
the crystalline structure of cellulose in the core of the
microparticles (which are further composed of biocompatible
polymers like calcium alginate and chitosan) prevents free
di� usion of entrapped drugs while the drug molecules become
released when cellulose becomes disrupted by ROS.23� 26 We
propose to incorporate indocyanine green (ICG) in the shell of
the microparticles to generate ROS upon irradiation of the
microparticles with a NIR laser. Indocyanine green is indeed
an FDA-approved photosensitizer.27 Besides its use in
ophthalmology to stain ocular tissues28 or for retinal
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angiography,29 ICG is also known to be an excellent
photosensitizer and photothermal agent for cancer therapy.

� MATERIALS AND METHODS
Materials. Sodium alginate (Na-Alg), chitosan (CS, degree of

deacetylation� 95%), anhydrous calcium chloride (CaCl2), doxor-
ubicin hydrochloride (DOX·HCl), dimethyl sulfoxide (DMSO), 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT), indocyanine green (ICG),1,3-diphenylisobenzofuran
(DPBF), and 2�,7�-dichlorodihydro� uorescein diacetate (DCFH-
DA) were purchased from Aladdin (Shanghai, China). Cellulose
nanocrystals (CNCs; 50� 500 nm) were purchased from Chemkey
(Shanghai, China). Fe3O4 nanoparticles (20 nm) were from Macklin
(Shanghai, China). Dulbecco’s Modi� ed Eagle’s medium (DMEM),
fetal bovine serum (FBS), penicillin-streptomycin, trypsin (0.25%
Trypsin EDTA), and phosphate-bu� ered saline (PBS) were acquired
from Hyclone Laboratories (Logan, UT, USA). A calcein acetox-
ymethyl ester (calcein-AM)/propidium iodide (PI) Double Stain Kit
was purchased from Yessen (Shanghai, China). Mouse� broblast
(L929) cells and liver hepatocellular carcinoma (HepG-2) cells were
from BioCambridge (Nanjing, China).

Fabrication of DOX-CNC@ICG-Alg-CS Microparticles and
ICG@Alg-CS Microparticles.DOX-CNC@ICG-Alg-CS micropar-
ticles were prepared in a single step making use of a device that is
composed of three coaxial needles (Scheme 1andFigure S1). The
inner, middle, and outer spaces were used to transport the inner liquid
phase, outer liquid phase, and nitrogen, respectively. Nitrogen gas
served to form the microdroplets (so named“gas-shearing,” thus
avoiding the use of oil). As the inner phase, DOX was dissolved into
an aqueous solution of Na-Alg (0.2% w/v) in which CNCs were
dispersed (10% w/v). ICG was dissolved into a 2% Na-Alg (w/v)
solution used as the outer phase; the ICG concentration in the Na-Alg
solution varied between 1.25 and 10� g mL� 1. An aqueous solution of
2% (w/v) CaCl2 and 0.15% CS was used as the“collection bath” to
harvest the microparticles. ICG@Alg-CS microparticles (i.e., micro-
particles lacking DOX and CNCs) were prepared similarly.

Chemical Stability of ICG. Free ICG and ICG@Alg-CS
microparticles were incubated in PBS at 37°C for 5 days; the
solutions/dispersions were kept under daylight. The absorbance at
780 nm was measured by a UV� vis spectrophotometer (Lambda 950,
PE, USA) as a function of time.

ROS Generation by ICG@Alg-CS Microparticles.ROS
generation was tested based on the decay of light absorbance by
DPBF. Free ICG was dissolved (or ICG@Alg-CS microparticles were
suspended) in a DPBF solution (in absolute ethanol; 25� g mL� 1)
and irradiated with 808 nm laser light. The absorbance at 410 nm was
measured at speci� ed time intervals.

Photothermal E� ect of ICG@Alg-CS Microparticles.Respec-
tively free ICG and ICG@Alg-CS microparticles (2.5� g ICG mL� 1)
were dissolved/dispersed in deionized water and irradiated with 808
nm laser (0.8 W cm� 2) for 10 min. During this NIR laser irradiation,
the temperature was recorded every 30 s; images were acquired with
an 875-1i infrared camera (Testo, Germany). As a control sample,
deionized water (without ICG) was irradiated with the NIR laser.

Cell Culture. L929 cells and HepG-2 cells were cultured in
DMEM with 10% FBS. The cultures were maintained in a humidi� ed
incubator at 37°C in a 95% air 5% CO2 environment. The cell culture
medium was replaced every 3 days.

Intracellular ROS Generation by ICG@Alg-CS Micropar-
ticles. The intracellular ROS level was determined using DCFH-DA
as a� uorescent probe. HepG-2 cells were seeded in 12-well plates at a
cell density of 1× 105 cells per well for 24 h. Subsequently, medium
containing free ICG or ICG@Alg-CS microparticles (1.25, 2.5, 5, 10
� g ICG mL� 1) was applied on the cells which were incubated for 8 h
before DCFH-DA (10� g mL� 1) was added. After 20 min of DCFH-
incubation, the medium was removed and the cells were washed three
times with PBS and subsequently irradiated with 808 nm laser (0.8 W
cm� 2) for 3 min.

Cell Viability. The cells were seeded in 96-well plates at a cell
density of 6000 cells per well for 24 h. Media containing free DOX or
DOX loaded microparticles were applied on the cells. The samples
were then irradiated with the 808 nm laser (0.8 W cm� 2) and
incubated for another 24 h. Subsequently, 20� L of MTT reagent (5

Scheme 1. (Left) Proposed Core-Shell Microparticles, Inspired by the Degradation of Wood (Cellulose) by Fungi, That
Become Degraded by ROS Thereby Releasing a Compound,e.g., a Druga and (Right) the Setup Used for Preparing DOX-
CNC@ICG-Alg-CS Microparticlesb

aThe core consists of cellulose nanocrystals (CNCs) and (the model drug) doxorubicin.bA � ow of nitrogen detaches the droplets, which are then
collected in a collection bath of chitosan (CS) and anhydrous calcium chloride (CaCl2).
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mg mL� 1) was added to each well, and the cells were incubated at 37
°C for 4 h. The medium was then carefully removed, and 150� L of
DMSO was added into each well for 20 min to dissolve the formazan
crystals. The absorbance of each well was measured with a microplate
reader at 492 nm (BIO-TEK, EL800).

For measuring cell viability through live/dead staining, cells were
seeded in 12-well plates at a cell density of 1× 105 cells per well for
24 h. As in the MTT assay, media containing free DOX or DOX
loaded microparticles were applied on the cells; cells were irradiated
with the 808 nm laser (0.8 W cm� 2) and incubated for 6 h. The
medium was removed, and the cells were washed three times with
PBS bu� er. Finally, the cell viability rates were scored by live/dead
staining using respectively green calcein-AM and red PI (10 min
staining). Cells were imaged by a� uorescence microscope (IX 53,
OLYMPUS, Japan).

Cellular Uptake of DOX.HepG-2 cells were seeded on 12-well
plates at a cell density of 1× 105 cells per well for 24 h. Free DOX or
DOX-CNC@ICG-Alg-CS microparticles (in cell medium; 40� g
DOX mL� 1) were applied to the cells. The cells were irradiated with
an 808 nm laser for 10 min and then incubated for 0, 1, and 3 h. The
medium was then removed, and the cells were washed three times
with PBS bu� er. Finally, the cells were stained with DAPI and imaged
by � uorescence microscopy for the presence of DOX.

Visualizing the E� ect of ROS on CNCs.To visualize the e� ect
of ROS on CNCs, ICG@Alg-CS microparticles were dispersed in a
dispersion of CNCs, followed by irradiation with the 808 nm laser
(0.8 W cm� 2) for 10 min. Light microscopy images of the CNCs,
before and after irradiation, were recorded.

DOX Release Studies.Following the harvesting of the micro-
particles from the collection bath (Figure 1), they were rinsed with an

excess of water. To subsequently evaluate the release of DOX from
the microparticles, DOX@ICG-Alg, DOX@ICG-Alg-CS, DOX-
CNC@Alg-CS, and DOX-CNC@ICG-Alg-CS microparticles were
dispersed in PBS (i.e., the release medium), kept at 37°C (using a
water-bath), and irradiated for 35 min with an 808 nm laser (0.8 W
cm� 2). The DOX concentration in all samples was the same (40� g
mL� 1). The absorbance at 480 nm of the release medium was
measured using a UV� vis spectrophotometer as a function of time.

Toxicity of Microparticles to Zebra� sh in Vivo. Zebra� sh
(Danio rerio) were purchased from Lekai Co., Ltd. (Shanghai, China)
as thein vivomodel to assess the toxicity of microparticles. Seven
zebra� sh were put in a pot containing 500 mL of water, Alg, Alg-CS,
and CNC@Alg-CS microparticles. The aquaculture system was
placed at 25°C for 7 days, the number of surviving zebra� sh was
counted to calculate viability.

Statistical Analysis.The stability, ROS generation, photothermal
e� ect, and release experiments were all conducted in triplicate, while
MTT experiments were done in quintuplicate. Intracellular ROS
generation tests, cell viability tests (live/dead staining), and cellular
uptake experiments were tested in three wells. The results are shown
as mean± SD.

� RESULTS AND DISCUSSION
Fabrication and Characterization of Drug-Loaded

Microparticles. Figure 1A andFigure S1show the fabrication
process of the drug-loaded microparticles. The microparticles
were prepared according to our recently reported gas-shearing
strategy.30 Brie� y, two syringes (Figure S1) were loaded with
di� erent solutions (respectively ICG+Alg and DOX+CNC
+Alg) and controlled by an injection digital pump; a nitrogen
� ow was used to induce dripping of the solutions (Figure 1A).
When the gas-shearing force overcomes the resistance force by
the surface tension, a droplet is detached from the liquid� ow
and falls into the collection bath (which contain CaCl2 and
CS) with the formation of DOX-CNC@ICG-Alg-CS micro-
particles (Figure 1A). Most critical parts of the device are the
three coaxial needles (Figure 1A andFigure S1B). As Figure
S1Cshows, the inner phase is red colored because of DOX
while the outer phase is green due to ICG. However, since the
red and green colors in the DOX-CNC@ICG-Alg-CS
microparticles are rather weak, it seemed di� cult to
discriminate the inner and outer phases of the microparticles
(Figure S1D). To visualize the structure of the microparticles,
Fe3O4 nanoparticles (0.2%) were added to the inner phase
(Figure 1B), which con� rmed the presence of two compart-
ments in the particles. AsFigure 1C shows, the microparticles
exhibited a normal size distribution (as optically measured,
followed by ImageJ-analysis) spanning from 270 to 322� m
(mean size 299.85� m, n = 300) with a rather low
polydispersity (SD = 8.93� m, CV = 2.98%).

ROS Generation by ICG@Alg-CS Microparticles.Figure
S2shows that maximal light absorbance for both free ICG and
ICG encapsulated in ICG@Alg-CS microparticles occurs at
780 nm.Figure 2A reveals that the stability of ICG was
strongly improved by encapsulating it.

Subsequently, we investigated the1O2 generation capabilities
of free ICG and ICG@Alg-CS microparticles using DPBF as a
probe. As shown inFigure 2B, in the absence of ICG, the
absorption of DPBF did not signi� cantly change upon 808 nm
laser irradiation, suggesting that ROS were not produced.
Clearly, both free and encapsulated ICG e� ectively produced
1O2, to a similar extent, as seen from the lowered light
absorption by DPBF.

Figure 2C and D show that the1O2 generation by
encapsulated ICG is clearly dependent on the ICG
concentration (C) and NIR laser power density (D). Under
0.8 W cm� 2 irradiation, microparticles which contained the
lowest amount of ICG (1.125� g mL� 1) were the slowest in
1O2 generation. For these microparticles, the relative
absorbance of DPBF dropped to around 6% after 10.5 min
of irradiation. In contrast, microparticles loaded with higher
amounts of ICG (2.5, 5, 10� g mL� 1) only needed to be

Figure 1.(A) Gas-shearing-based fabrication of core� shell micro-
particles based on alginate (Alg) and chitosan (CS). (B) Optical
image of the resulting microparticles. Black Fe3O4 nanoparticles were
entrapped to distinguish the core� shell compositions. The scale bar is
200� m. (C) The size distribution of the microparticles.
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irradiated for respectively 7.5, 5.5, and 4.5 min to achieve a
similar relative absorbance. These three types of ICG
microparticles showed a similar rate of1O2 generation in the
� rst three minutes (Figure S3). In a similar way, we studied the
in� uence of the laser power. The intensity of 0.4� 1.2 W cm� 2

is a safe range of 808 nm laser irradiation for the
organism.2,31,32 As shown inFigure 2D (and Figure S4),
following 0.4 and 0.6 W cm� 2 laser irradiation, the absorption
by DPBF decreased slower, when compared with higher laser
powers. On the basis of the� ndings inFigure 2C and D, an
ICG concentration of 2.5� g mL� 1 and a laser power of 0.8 W
cm� 2 were selected for further experiments.

Besides the generation of ROS, ICG encapsulation further
bestows the microparticles with photothermal properties.31,32

As shown inFigure S5A, the temperature of an ICG@Alg-CS
microparticle dispersion (2.5� g mL� 1 ICG) increased by 13.2
°C upon 10 min of irradiation with 808 nm laser (0.8 W
cm� 2); under similar conditions, we noticed a temperature
increase of 8.6°C for a solution of free ICG. The temperature
was recorded by an infrared camera, as shown inFigure S5B.

Laser Triggered� ROS Mediated� Drug Release from
DOX-CNC@ICG-Alg-CS Microparticles.Subsequently, we
explored the biological phenomenon of cellulose degraded by
ROS for laser-triggered drug release.Figure 3A shows
schematically the concept: we hypothesize that the crystalline
structure of cellulose in the core of the microparticles prevents
free di� usion of entrapped drugs while they become released
when cellulose becomes disrupted by ROS.23� 26

Figure 3B shows CNCs respectively before and after
irradiation. Before irradiation, the aqueous CNC suspension

is opaque and white-colored (Figure 3B-a); the crystals can be
clearly seen under an optical microscope (Figure 3B-d,f). Upon
808 nm laser irradiation (0.8 W cm� 2, 10 min), CNCs become
gradually disrupted by ROS (as produced by ICG), which
turns the dispersion less opaque (Figure 3B-b). As shown in
Figure 3B-c,e,g, CNCs with reduced crystallinity can be seen
by optical imaging. Continuous irradiation can disrupt CNCs
until a transparent solution is obtained (Figure 3C, inset);
degradation of the CNCs was con� rmed by scanning electron
microscopy (Figure 3C-a). Note that the nonirradiated CNC
suspensions were stable at room temperature (Figure 3C-b).

The change in the crystallinity of CNCs following irradiation
could be con� rmed from the Fourier Transform InfraRed
(FTIR) spectra in the 400� 4000 cm� 1 region (Figure 3D).
These regions contain the peaks from individual chemical
vibrational modes relevant for measuring crystallinity. The
1372 cm� 1 band is for the C� H bending mode, and the 2900
cm� 1 band represents C� H and CH2 stretching, which is
una� ected by changes in crystallinity. The 1429 cm� 1 band
represents CH2 scissoring motion; the 893 cm� 1 band
indicates the vibrational mode involving C1 and four atoms
attached to it, which is the characteristic of b-anomers or b-
linked glucose polymers.33� 37 According to this, we adopted
two widely used crystallinity indexes (the total crystallinity
index (TCI, Nelson’s index38 eq 1) and lateral order index
(LOI, O’Connor’s39 index eq 2)) to con� rm changes in
cellulose crystal:

Figure 2.(A) Stability of free ICG and ICG@Alg-CS microparticles in PBS, when exposed to daylight. (B) The decay of DPBF absorbance at 410
nm upon laser irradiation (808 nm; 1.2 W cm� 2), in the absence of ICG, the presence of free ICG, and the presence of ICG@Alg-CS
microparticles. (C) The decay of DPBF absorbance at 410 nm in the presence of ICG@Alg-CS microparticles (1.25, 2.5, 5, 10� g mL� 1 as ICG)
upon laser irradiation (808 nm; 1.2 W cm� 2). (D) The decay of DPBF absorbance at 410 nm in the presence of ICG@Alg-CS microparticles upon
laser irradiation (808 nm) at di� erent laser intensities (0.4, 0.6, 0.8, 1, 1.2 W cm� 2).
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Higher values of TCI and LOI are indicative of biomass with
a higher crystallinity and more ordered structure of cellulose.
TCI before and after irradiation was 96.9% and 94.9%,
respectively, while the LOI equaled 87.8% and 83.0%,

indicating destruction of the crystal structure of cellulose by
ROS.

X-ray di� raction (XRD) analysis was conducted to further
examine the crystallinity of cellulose since the determination of
the crystallinity index (CrI) by FTIR spectroscopy gives only
relative values from both crystalline and amorphous regions. As
shown in Figure 3E, two typical di� raction peaks were
observed at 2� = 13° and 21°, which correspond to (101)
and (002) lattice planes of crystalline cellulose type I. These
peaks became weaker after irradiation. The crystallinity index
(CrI) was calculated by Qiu’s36 method:

Figure 3.(A) The concept of light-triggered ROS-mediated drug delivery from core� shell microparticles. The degradation of CNCs in the
microparticles’ core caused by ROS allows the entrapped drug (red; i.e. DOX in this study) to be released. (B) Optical images of CNCs before laser
irradiation (a, d, f), during laser irradiation (808 nm; 0.8 W cm� 2) (b), and after 10 min of irradiation (c, e, g). Scale bars are 2 mm in a, b, and c;
200� m in d and e; and 40� m in f and g. (C, a) SEM image of a CNC dispersion following 50 min of laser irradiation (808 nm; 0.8 W cm� 2). (b)
SEM image of a nonirradiated CNC dispersion kept at room temperature for a year. The scale bars are 400 nm. The insets are photos of the CNC
suspensions. (D,E) FTIR spectra (D) and XRD (E) of CNCs (with 2.5� g mL� 1 ICG) before and after irradiation (808 nm; 0.8 W cm� 2; 10 min).
(F) Release of DOX from various microparticles upon continuous laser irradiation (808 nm; 0.8 W cm� 2). (G) Release of DOX from DOX-CNC@
Alg-CS and DOX-CNC@ICG-Alg-CS microparticles upon discontinuous laser irradiation (808 nm; 0.8 W cm� 2).
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The value of CrI was 86.1% and 61.1% before and after
irradiation, respectively. This di� erence indicates lower
crystallinity of ROS-treated samples. The CrI obtained through
XRD was also in accordance with the LOI and TCI obtained
through FTIR as reported earlier. Results from both FTIR and
XRD suggest that ROS can destroy the crystal structure of
cellulose.

Next, the chemical stability of DOX was investigated upon
irradiation with 808 nm laser irradiation. As shown inFigure
S6, the absorption of DOX at 480 nm did not decline,
suggesting that DOX does not degrade under the tested
conditions.

Subsequently, the release of DOX from the various types of
core� shell microparticles dispersed in PBS was investigated
(Figure 3F). DOX release from DOX@ICG-Alg microparticles
(thus without CNCs and without laser irradiation) occurred
very fast (59% becomes released in 5 min;Figure S8).
Similarly, DOX@ICG-Alg-CS microparticles showed a fast
release of DOX (37% becomes released in 5 min;Figure S9).
Compared to Alg microparticles, the addition of CS reduced
the burst release (Alg-CS microparticles seemed more stable in
PBS likely due to the cross-linking of Alg and CS chains). In
contrast and interestingly, all microparticles containing CNCs
barely released DOX without laser irradiation (only� 3%).
Also DOX-CNC@Alg-CS microparticles (i.e., without ICG)
were stable and showed only a negligible DOX release upon
irradiation with 808 nm laser light. DOX-CNC@ICG-Alg-CS
microparticles seemed however most promising as DOX
became clearly released as long as the laser irradiation
continued (Figure S10). We assume that DOX di� uses
through the pores in the microparticles which are generated
upon disruption of the CNCs. Besides the destruction of the
CNCs by ROS, the release might be facilitated by the
temperature increase in the dispersions (Figure S11).

Figure 3G shows the release of DOX from CNC-based
microparticles which contain (DOX-CNC@ICG-Alg-CS) or
do not contain ICG (DOX-CNC@Alg-CS) following irradi-
ation of the dispersion with time intervals. The microparticles

were exposed to 5 on/o� laser cycles; each cycle lasted for 15
min: 5 min of irradiation followed by 10 min without
irradiation. Clearly, without ICG (and thus ROS species) in
the microparticles there was almost no DOX release, while
ICG in the microparticles turned the DOX release“on” at the
time of irradiation. We assume that the destruction of cellulose
explains the“on” state; when laser irradiation stops, cellulose
molecules might slightly return to their original interactive
state. This might (partially) close the pores and slow down the
DOX release.

ROS-Mediated Cell Killing by Free ICG and ICG
Loaded Microparticles. In a next series of experiments, we
evaluated whether ROS generated from the microparticles
could, besides releasing DOX, also kill cells. First, we screened
for the presence of intracellular ROS as induced by free and
encapsulated ICG using DCFHDA as a� uorescent probe.
ROS can oxidize the non� uorescent DCFH (being the
hydrolysis product of DCFHDA formed by esterases in cells)
to green� uorescent DCF. AsFigure 4A shows, free ICG and
encapsulated ICG resulted in similar green� uorescence in
HepG-2 cells while no signi� cant� uorescence was observed in
the control experiments (Figure S12).

Next, ROS-mediated cell killing by ICG@Alg-CS micro-
particles was evaluated through live/dead staining. As shown in
Figure S13, without the use of free or encapsulated ICG, there
was no measurable phototoxicity when the cells were irradiated
with the laser light. In contrast, most of the cells showed red
signals when free ICG was used, while this was less when
encapsulated ICG was applied. Subsequently, the photo-
dynamic treatment (PDT) e� ect on the cells was evaluated by
the MTT assay (Figure 4B and C). HepG-2 cells that were
incubated with free or encapsulated ICG (1.25, 2.5, 5, 10� g
mL� 1) without NIR laser irradiation showed high viability.
Upon laser irradiation, we noticed higher cell viability (73%)
when cells were incubated with ICG@Alg-CS microparticles
instead of free ICG (58%). Increasing the ICG concentration
resulted in lower cell viability, both when free and encapsulated
ICG were used.

DOX-Mediated Cell Killing by DOX Loaded ICG-CNC-
Microparticles. First, we studied the cellular uptake of free
DOX and DOX released following irradiation of DOX-CNC@

Figure 4.(A) Detection of intracellular ROS (using DCFH-DA as the� uorescent probe) in HepG-2 cells treated with free ICG or ICG@Alg-CS
microparticles after laser irradiation (808 nm; 0.8 W cm� 2; 3 min). The scale bar is 100� m. (B,C) Cell viability after applying free ICG and ICG@
Alg-CS microparticles without laser irradiation (B) and with 808 nm laser irradiation (0.8 W cm� 2; 3 min; C).
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Figure 5.(A,B) The cellular uptake of DOX when (A) free DOX and (B) DOX-CNC@ICG-Alg-CS microparticles were applied on the cells for 0,
1, and 3 h, after initial laser irradiation (808 nm; 0.8 W cm� 2; 10 min). The scale bar is 40� m. (C) Cell viability after applying free ICG and DOX-
CNC@ICG-Alg-CS microparticles followed by 808 nm laser irradiation (0.8 W cm� 2; 10 min). (D) Live/dead staining of HepG-2 cells treated
with (40� g mL� 1) free DOX or DOX-CNC@ICG-Alg-CS microparticles and 808 nm laser irradiation (0.8 W cm� 2; 10 min). The scale bar is 200
� m.
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ICG-Alg-CS microparticles. As shown inFigure 5A and B,
DOX uptake occurred in both cases. Next, DOX-mediated cell
killing was evaluated by the MTT assay. AsFigure 5C shows,
as for free DOX, a concentration-dependent cytotoxicity was
noticed for DOX released from the DOX-CNC@ICG-Alg-CS
microparticles. Furthermore, the cell viability was visualized
through live/dead staining (Figure 5D) with similar� ndings
between free DOX and microparticle-associated DOX.

Synergistic Chemo- and Photodynamic Killing of
Cells with DOX-CNC@ICG-Alg-CS.Subsequently, the
synergistic e� ect of DOX- and photodynamic- induced cell
killing by DOX-CNC@ICG-Alg-CS microparticles was stud-
ied. As shown inFigure 6A, HepG-2 cell cytotoxicity of free

DOX, DOX@ICG-Alg-CS, DOX-CNC@Alg-CS, and DOX-
CNC@ICG-Alg-CS microparticles in the presence or absence
of 808 nm laser irradiation was tested using the MTT. The
viability of HepG-2 cells treated with DOX-CNC@Alg-CS and
DOX-CNC@ICG-Alg-CS microparticles without laser irradi-
ation was more than 80%, even at a high dosage of DOX (40
� g mL� 1). However, in the presence of (the same
concentrations of) free DOX and DOX@ICG-Alg-CS micro-
particles, cell viability dropped to 12% and 27%, respectively.
The stronger cell killing in the case of DOX@ICG-Alg-CS
microparticles applied on the cells was expected, as without
CNCs in the microparticles DOX can freely di� use (Figure
3C) and kill the cancer cells, even without laser irradiation.
Upon laser irradiation, free DOX and DOX@ICG-Alg-CS
microparticles showed similar cell killing as in the absence of

laser irradiation. For the DOX@ICG-Alg-CS microparticles,
the e� ect was slightly more outspoken, likely due to the
synergistic e� ect of DOX and ROS as photosensitizers. For
DOX-CNC@Alg-CS microparticles, the cell viability was more
than 80% at every DOX concentration, whether irradiated or
not, suggesting again that DOX was tightly encapsulated in the
CNC containing microparticles. Importantly and attractively,
while cell viability after applying DOX-CNC@ICG-Alg-CS to
HepG-2 remained high (88%), following 10 min of irradiation,
few cells survived (cell viability 17%). Subsequently, the live/
dead assay con� rmed the outspoken cell killing from the
moment laser light was applied (Figure 6B). Microparticles
have been extensively studied as delivery vehicles of proteins,
peptides, and some small molecule drugs.40� 42 Compared with
conventional forms of drug delivery via oral intake or injections
to maintain a constant drug concentration, microparticle-based
delivery systems can control the drug release as required, to
avoid the disadvantages of potential overdose upon admin-
istration and patient inconvenience during the drug delivery.43

In addition, microparticles could deliver drugs at the site of
interest to avoid biological and metabolic barriers and lead to a
higher e� ciency of drug delivery, lower doses, and reduced
side e� ects.44

Biosafety Evaluation of CNC@Alg-CS Microparticles
in Cell (in Vitro) and Zebra� sh (in Vivo). The biosafety of
microparticles was evaluated using cells (in vitro) and zebra� sh
(in vivo). Figure S14displayed that NIR laser, DOX-CNC@
Alg-CS+NIR, DOX-CNC@Alg-CS, and DOX-CNC@ICG-
Alg-CS microparticles did not a� ect the viability of the cells. In
addition, zebra� sh, as a well-established model organism for in
vivo toxicity assessment,45,46 was selected to evaluate the
biosafety of microparticles. As shown inFigures 7and S15,
during the entire experiment, no death of� sh was observed on
the matter in water, Alg, Alg-CS, or CNC@Alg-CS micro-
particles, illustrating that these microparticles all had excellent
biosafety.

� CONCLUSIONS AND PROSPECTS
We introduced a concept for laser-triggered drug release
inspired by ROS mediated degradation of cellulose as occurs in
brown-rot fungi (Scheme 1). The release platform consists of
uniform microparticles composed of a core of cellulose crystals
loaded with drugs, surrounded by a light sensitive ICG
containing shell as an ROS source. We showed that drug
release (with DOX used as a model) from DOX-CNC@ICG-
Alg-CS microparticles could be e� ectively controlled by NIR
laser irradiation. We proved that following NIR irradiation,
ROS degrades the cellulose nanocrystals which explains the
onset of drug release from the moment of irradiation. On top
we observed a synergistic e� ect of ROS and DOX in the killing
of cells. Unlike complex design and fabrication methods
frequently reported for microparticles carrying drugs, the
microparticles investigated in this study were prepared by a
simple one-step oil-free gas-shearing method with the FDA-
approved photosensitizer ICG and cellulose, being one of the
most widely used pharmaceutical ingredients. Furthermore, the
gas-shearing fabrication method overcomes the restriction of
traditional micro� uidic technologies which mostly make use of
cytotoxic materials such as organic solvents, surfactants, and
cross-linkers. As synergistic therapeutic methods are currently
strongly explored for the treatment of various diseases,47� 51

the release concept and materials described in this study may
provide an attractive approach for further exploring combined

Figure 6.(A) Cell viability after applying free DOX, DOX@ICG-Alg-
CS, DOX-CNC@Alg-CS, and DOX-CNC@ICG-Alg-CS micro-
particles, with or without 808 nm laser irradiation (0.8 W cm� 2, 10
min). Data represent the mean± SD (n = 5). (B) Live/dead staining
of HepG-2 cells treated with free DOX, DOX@ICG-Alg-CS, DOX-
CNC@Alg-CS, and DOX-CNC@ICG-Alg-CS microparticles (40� g
mL� 1 as DOX), with or without 808 nm laser irradiation (0.8 W
cm� 2, 10 min). The scale bar is 200� m.
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laser-triggered drug therapies and phototherapies, as schemati-
cally illustrated inScheme 2.
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