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ABSTRACT: So far, near-infrared (NIR) light responsive nanostructures e

have been well-defined in cancer nanomedicine. However, poor ' '

penetration and retention in tumors are the limiting factors. Here, we _

report the ultrahigh penetration and retention of carbanosilica (graphene .

quantum dots, GQDs embedded mesoporous silica) in solid tumors. After y

NIR light exposure, quick (0.5 h) emission from the tumor area is  Jf FuorescentGQDs

observed that is further retained up to a week (tested up to 10 days) with

a single dose administration of nanohybrids. Emissive and photothermally - X
. o . Carbanosilica nanohybrid

active GQDs and porous silica shell (about 31% drug loading) make ke o §

carbanosilica a promising nanotheranostic agent exhibiting 68.75% tumor

shrinking compared to without NIR light exposure (34.48%). Generated

heat (~52 °C) alters the permeability of tumor enhancing the "

accumulation of nanotheranostics into the tumor environment. Successive

tumor imaging ensures the prolonged follow-up of image guided tumor regression due to synergistic therapeutic effect of

nanohybrids.
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B INTRODUCTION diagnosis and near-infrared (NIR) light responsive photo-
thermal therapy in cancer nanomedicine.’”~°® These GQDs are
highly promising for targeted tumor imaging due to their
ultrasmall size, deep tissue visualization, and high aqueous
dispersibilitgr. However, the rapid clearance of GQDs is a critical
issue so far.””°"%* Overall, MS and fluorescent GQDs have been
recognized as promising platforms for diagnostics and cancer
therapeutics individually.”*~*° Next, GQDs integrated meso-
porous silica (MS) is a recent development for cancer
diagnostics and therapeutics.'**** Especially, carbon nano-
dots incorporated mesoporous silica is recently reported for
photothermal-immunotherapy but far from explaining about the
image guided tumor regression with a precise follow-up.’’

In terms of cancer therapeutics strategies, standalone
photothermal, photodynamic therapy, chemotherapy, and
radiation therapy are widely explored but unable to eliminate

5 the solid tumor.'”'*™*" Consequently, the synergistic or
applications.”” Interestingly, MS is recognized as a safe I 7 yners

biomaterial for drug delivery applications due to their high c}cimbma}tllotn ill ther.ap eut(icshs;lctllll as TEer}lllc)t-p;otot}}er? al,
surface area, large cargo capacity, and biocompatibility.so_53 chemo-photodynamic, and photothermaimphotodynamic fave
Nevertheless, their low targeting ability, poor accumulation in —
tumors and slow degradation are being questioned.so_56 Received: November 12, 2020
Therefore, to overcome these limitations, biodegradable nano- Accepted:  January 4, 2021
hybrids have been proposed recently but they are far from Published: January 8, 2021
addressing the site-selective tumor imaging and image guided

tumor regression.”” >~ On the other hand, fluorescent graphene

quantum dots (GQDs) have been widely used for tumor

From past decades, the rapid progress in developing near-
infrared (NIR) light responsive nanostructures and their
phototriggered strategies has been noticed.' Further, nano-
diagnostics and nanotherapeutics hold much promise for the
precise diagnosis and treatment of tumors.”'°™>° Moreover,
only a few smart nanomaterials have progressed for clinical
applications.”*™*" Among them, gold—silica,”® liposome—
doxorubicin,***" and organic dyes'’ are very popular for
targeted imaging and phototriggered therapy in human
trials.”* 71333774 However, deep penetration with pro-
longed retention in tumor is a remaining challenge of attempted
nanohybrids.””~** Apart from the above systems, porous silica
(especially, mesoporous silica, MS),"** macrocyclic assem-
blies,"*~* and carbon based materials**™** have gained much
attention for biomedical, bioimaging, or sensing and catalysis
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Figure 1. Schematic showing the surfactant mediated sol—gel process of red fluorescent graphene quantum dots encapsulated porous silica
nanohybrids named as carbanosilica. Deposition of silica precursor (a mixture of (3-aminopropyl)triethoxysilane (APTES) and tetraethylorthosilicate
(TEOS)) on self-assembled CTAB surfactant @, decoration of red emissive graphene quantum dots on silica coated CTAB assemblies @, matured
fluorescent graphene quantum dots encapsulated porous silica nanohybrids @, and surfactant free fluorescent graphene quantum dots encapsulated
porous silica nanohybrids uptake into cancer cells during NIR light exposure @.

Figure 2. Scanning electron microscopic (SEM, a) and transmission electron microscopic (TEM, b) images of carbanosilica (graphene quantum dots
(GQDs) embedded mesoporous silica). Inset shows the particle size distribution of carbanosilica nanoparticles.

been recently conceptualized for tumor abla-
tion.24’60’61’64’65’68_70 However, these treatment strategies are
in the developing phase and face the consequences of slow
tumor growth inhibition.’"*®

Here, the interaction between designed carbanosilica
(graphene quantum dots, GQDs embedded mesoporous silica)
and solid tumor environment has been examined under
nonionized light irradiation (800 nm). The rapid accumulation
(0.5 h) with strong retention of fabricated nanohybrids is
achieved with a single dose administration. Further, the
synergistic therapeutic effect of nanohybrids exhibited about
68.75% tumor shrinking compared to without NIR light
exposure (34.48%). Moreover, a precise follow-up of image
guided tumor regression has been demonstrated successfully.
Opverall, the present work provides a new direction for safe
diagnosis and advanced cancer therapy for solid tumor
elimination.

B RESULTS AND DISCUSSION

Fluorescent graphene quantum dots (GQDs) embedded
mesoporous silica (carbanosilica) nanohybrids are achieved
through a surfactant mediated sol—gel process'® that is tested for
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tumor penetration and image guided tumor regression under
near-infrared (NIR, a nonionized light) light irradiation (see
Figure 1). Prior to designing carbanosilica, emissive GQDs are
prepared from Mangifera indica (mango) leaves through a
microwave-assisted route by following an earlier reported
procedure with some modifications.”® The physicochemical
properties of these prepared GQDs are tested by using various
characterization techniques. Transmission electron microscopic
(TEM) imaging measurements demonstrate the uniform size
distribution of synthesized GQDs (about 7 nm in size) as shown
in Figure Sla—c.

In absorption spectra, the observed broad peak around 400
nm indicates the unsaturated carbonic framework in synthesized
GQDs that further appears between 500 and 900 nm exhibiting
the presence of surface functional groups and a conjugated
carbon network (see Figure S1d). Additionally, dilution
dependent (0.0125—2.5 pug/mL) aqueous dispersion tests
demonstrate the better dispersion and stability of these prepared
GQDs even after 24 h of incubation time (see Figure Sle).
Overall, the microscopic and spectroscopic analysis ensured the
physicochemical stability of the GQDs that makes them suitable
for biomedical applications. Further, these GQDs are
embedded/or encapsulated in the silica shell (named as

https://dx.doi.org/10.1021/acsabm.0c01478
ACS Appl. Bio Mater. 2021, 4, 1693—1703


http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c01478/suppl_file/mt0c01478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c01478/suppl_file/mt0c01478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c01478/suppl_file/mt0c01478_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01478?fig=fig2&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01478?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

(a)

(b)

154 .
S >
E o s
3 159 =
g 2
4+ 304 (@]
N g2
< Carbanosilica
-45 T T T T
ilica ilica QDs . silica T T T T T T
Surfaotam free STE arhanos Am'me-\:u(\id‘o“a\‘zed 300 400 500 600 700 800
Wavelength (nm)
(c) (d)
100+ 3 ﬁ 100 1 2 —3
o) N,
& 80 : 2 801 -
@ ¥ e —=— Surfactant free silica
O 604 z —a—pH 7.4 ®© 604 ——Carbanosilica
— * —e—pH6 > —4— GQDs
(@)] ——DpH5 =
E 40+ =v—pH 4 8 40 1
D == DpH 2
S 20 ——pH5+NR 3 20
o\ . k9 g: ;:,\'}:E 0 L929 normal cell, 24 h MTT assay
5 10 15 20 25 30 35 0 50 100 150 200

Time (h)

Concentration (ug/mL)

Figure 3. Surface charge measurements (zeta potential) of carbanosilica, surfactant free silica, amine functionalized silica, and GQDs (a). Absorption
spectrum of doxorubicin drug loaded carbanosilica (b). % Drug release performance of engineered nanohybrids at various cellular conditions before
and after NIR light irradiation (c). % Cell viability of carbanosilica, surfactant free silica, and GQDs measured by MTT assay at various concentrations

(d). n = 3 is considered to measure mean and standard deviation.

carbanosilica) via base catalyzed hydrolysis and condensation of
silica and aminated silica precursors. The condensation at higher
temperature results in the formation of silica particles
encapsulated with GQDs that is thoroughly washed with Milli-
Q and methanol. Porous frameworks of designed carbanosilica
are achieved via an acid leaching procedure. The shape and
morphology of synthesized carbanosilica nanoparticles are
confirmed through scanning and transmission electron micro-
scopic images (SEM and TEM, about 120—140 nm size) as
shown in Figure 2a,b. The effective distribution of GQDs in the
silica framework is clearly noticed through microscopic images
(see Figure S1f—j). The even distribution of GQDs in the
versatile silica network is due to electrostatic interaction
between the anionic surface of quantum dots and amino groups
of the silica network (confirmed through surface charge analysis
as discussed below). The morphology and particle size
distribution of engineered carbanosilica nanohybrids (GQDs
embedded porous silica) are similar to mesoporous silica
nanoparticles (100—130 nm in size) where clear porous
architecture is evaluated through transmission electron micro-
scopic images (see Figure S1h). Moreover, the exterior surface
roughness of carbanosilica nanoparticles is analyzed through
scanning electron microscopy (SEM) indicating the decoration
of GQDs in the silica framework as shown in Figure 2a and
Figure S1i,j. Remarkably, the time dependent colloidal stability
of the resulting nanoparticles is tested in different solutions, viz.,
PBS, cell culture medium, and serum. These prepared samples
have been analyzed through dynamic light scattering (DLS) and
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digital photographs at different time points (0 h to 12 days).
DLS exhibits about 260—300 nm diameter of carbanosilica with
better polydispersity index (PDI, 0.85). Further, these
observations are corroborated with digital photographics
measurements showing good dispersion even after 12 days of
test indicating better colloid stability of designed carbanosilica
(see Figure S1k,l in the Supporting Information).

Further, the hexagonal ordered porous'® network (100 plane
at 20 angles 2.66°) in carbanosilica is observed through the X-
ray diffraction pattern that is slightly different from parent
mesoporous silica nanohybrids/surfactant free silica (empty
silica nanoparticles, 100 plane at 26 angles 2.47°, see Figure
S2a). The major shift in the 100 plane indicates the
encapsulation of GQDs in silica nanohybrids that is further
substantiated with elemental analysis (energy dispersive X-ray
analysis, EDAX) as shown in Figure S2b. The elemental peak of
Si, N, C, and O indicates the amino functionalized silica network
and ensures the encapsulation of GQDs in silica particles. The
N, adsorption—desorption isotherm of engineered carbanosilica
nanohybrids demonstrates high surface area (about 850 m*/g)
with a pore volume of 0.39 cm?/g whereas surfactant free silica
nanoparticles demonstrate larger surface area (1000 m*/g) with
0.98 cm®/g pore volume (see Figure S2c). The drastic variation
in surface area and pore volume confirms the encapsulation of
GQDs in the silica network (named as carbanosilica) that is
corroborated with microscopic measurements. Interestingly, the
ordered porous network and high surface area of designed
carbanosilica make them versatile materials for high drug
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loading and controlled drug delivery applications as shown in
Figure S2d.

The surface charge of GQDs and designed nanohybrids (0.5
mg/mL in aqueous suspension) is analyzed through zeta
potential measurement as shown in Figure 3a. Due to the
presence of hydroxyl functional groups, negative zeta potentials
are measured for GQDs (—24 mV) and surfactant free silica
(—41 mV) nanoparticles whereas positive zeta potential (15.7
mV) is observed for amine functionalized porous silica
indicating the successful functionalization with amino silane
linkers. On the other hand, carbanosilica exhibits a moderate
negative zeta potential (—32 mV) as compared to parent silica
nanoparticles indicating the encapsulation of negatively charged
GQDs within the amine functionalized silica framework and the
strong electrostatic interaction between hydroxyl functional
groups of quantum dots and amine functional groups of silica
networks. After removing the surfactant from the carbanosilica
nanohybrids, anticancer drug is loaded for further cancer
therapeutic applications. The encapsulation of GQDs and drug
molecules is further confirmed through absorption spectro-
scopic analysis showing the peaks between 220 and 310 nm
(C=C and C=0) and a broad absorption in the NIR region
(700—1000 nm) indicating the presence of hydrophilic
functional groups and unsaturated carbonic frameworks in
GQDs (see Figure 3b). Additionally, a broad peak between 490
and 500 nm ensures the presence of doxorubicin hydrochloride
anticancer drug (~31% loading capacity, see Figure S2d and eq
SS). The stimuli-triggered drug release performance of DOX
loaded carbanosilica is examined in physiological (pH 7.4) and
tumor mimicked (pH 2, 4, S, 6 and pH 2, 4, 5 in under NIR
exposure) conditions. A negligible drug release (about 1.5%) is
observed in physiological conditions (pH 7.4 at 37 °C) whereas
more than 50% drug release is measured in the cancer mimicked
environment (pH 2—S5) during a 24 h incubation period (see
Figure 3c). At pH 6, the designed nanohybrid demonstrates
about 47% drug release performance whereas more than 90%
drug release is noticed in the late endosomal environment (pH
2) due to the potential effect of H' ions. Slow drug release
(about 58% in 24 h) is observed in the case of pH § that is further
improved (about 93%) after NIR light exposure due to the effect
of generated heat. On the other hand, in 24 h of incubation,
about 79% drug release is observed at pH 4 that further
increased to about 99.5% under NIR light exposure under the
same conditions (pH 4 and 800 nm NIR exposure for S min)
whereas NIR irradiated late endosomal condition (pH 2 under
NIR exposure) exhibits about 100% drug release within 6 h of
incubation due to the impact of generated photothermal heat
and high potential of H ions.

Prior to imaging and therapeutic validations (at in vitro and in
vivo level), the emissive nature of the designed carbanosilica is
confirmed through photoluminescence spectroscopy at different
excitations (530 and 620 nm) showing emission in the range of
665 to 730 nm due to the entrapped GQDs within the porous
silica network (see Figure S3a and the high resolution TEM
image shown in Figure S1i,j). The red emission from designed
nanohybrids may be due to the conjugated framework,”°"*®
surface defects, and functional groups of encapsulated GQDs in
carbanosilica that help in localized tumor diagnosis and
observation of image guided tumor shrinking. Due to an
effective GQD entrapment and broad absorption in the NIR
region, the carbanosilica demonstrates higher photothermal
transduction (about S5 °C within S min) with continuous
exposure of NIR radiation 1w/ cm? of 800 nm wavelength, see
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Figure $3b—d). The photothermal performance of carbanosilica
nanohybrids is validated at 0.5 and 1 mg/mL, showing a
constant rise in temperature in a nanohybrid concentration and
laser exposure time dependent way by stabilizing initial
temperature at 37 °C. Interestingly, hyperthermia temperature
(43 °C) is achieved in less than 2 min of NIR light irradiation,
which is adequate for cell membrane disruption.”*®"%°
Measured 47.9 °C temperature (considered as ablation
temperature) within 3 min of NIR exposure is sufficient to
begin the ablation of tumor cells (surfactant free silica and
phosphate-buffered saline, PBS, are considered as controls).
Recently, plasmonic gold nanoshell has been tested clinically for
localized photothermal ablation of prostate tumors using 4.5 W/
cm? to 6.5 W/cm? of laser power. However, high power of laser
may cause inflammation and rashes on the irradiated area. To
avoid the aforementioned issues, 1 W/cm? power of NIR laser
has been widely practiced.””'~"*

Here, we have applied 1 W/cm* of laser for therapeutic
validations due to the better penetration ability of exposed laser.
The designed carbanosilica structures (0.5 mg/mL of 100 uL)
have been tested to evaluate the photothermal conversion
efficiency (about 42%) using ON-OFF cycles during NIR light
irradiation. We have noticed the steady temperature rise during
repeated cycles demonstrating better photothermal stability of
designed nanohybrids where steady-state temperature and the
cooling temperatures are recorded by an IR digital thermometer
(Figure S3c,d and eqs S1—S4). Each component of the
carbanosilica nanohybrids, such as GQDs and surfactant free
silica are found to have better biocompatibility measured
through MTT assay (see Figure 3d). In vitro MTT assay of
emissive GQDs, surfactant free silica, and carbanosilica was
carried out on fibroblastic L929 normal mouse adipose tissue
cell line at various concentrations (10—200 yg/mL). More than
85% cell viability is observed at the highest concentration of
carbanosilica nanohybrids (200 yg/mL) demonstrating their
significant biocompatibility, making them suitable for in vivo
studies. The biocompatibility of carbanosilica nanohybrids is
compared with its components such as GQDs and surfactant
free silica exhibiting about 85% and about 96% biocompatibility
at 200 ug/mL concentration respectively whereas almost 100%
cell viabilities are observed at 20 pg/mL.

Figure 4 shows the therapeutic capacity of the carbanosilica
nanohybrid (200 ug/mL) measurements accessed on breast
cancer 4T1°%°" cell line before and after NIR exposure (5 min
exposure of 800 nm laser with 1 W/cm® power density).
Doxorubicin anticancer drug loaded carbanosilica nanohybrids
(200 pg/mL of concentration) present an impactful synergistic
therapeutic response (about 89% cell death) under NIR light
exposure (5 min) as compared to drug free carbanosilica (200
ug/mL, ~71% cell death) and surfactant free silica (200 yg/mL,
only 5% cell death). These results clearly demonstrate the
development of an efficiently engineered carbanosilica nano-
hybrid for advanced photothermal and combinational cancer
therapeutics. Prior to NIR exposure, 200 pg/mL of drug loaded
carbanosilica nanohybrids show a higher cell death (about 64%),
when compared to drug free carbanosilica (only 15% cell death)
showing the potential performance of NIR triggered chemo-
therapy on breast cancer cells. Control groups such as surfactant
free silica (200 pg/mL) and only NIR light demonstrate more
than 95% cell viability exhibiting a nontoxic effect of silica-based
nanohybrids. Additionally, cellular internalization of carbano-
silica (200 pg/mL) into 4T1 breast cancer cells is examined via
cell imaging studies (see Figure S4). A notable red fluorescence
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Figure 4. In vitro therapeutic efficacy of carbanosilica and its
components (200 pug/mL of each) in 4T1 breast cancer cell lines at
various conditions. Three independent sets of experiments are
conducted to measure mean, standard deviation, and p values, *p <
0.0S, **p < 0.001.

is observed in the cytoplasm of cancer cells within 6 h of
incubation time, due to the emissive nature of encapsulated
GQDs in carbanosilica, which indicates the successful uptake of
the nanohybrids.

Based on the in vitro performances, the designed carbanosilica
nanohybrids (20 mg dose) are further tested for image guided
tumor regression (see Figure 5). The homogeneous and deep
distribution of postinjected carbanosilica (20 mg dose) in solid
tumors promotes the ablation of the cancer cells and provides
detailed information on the localized tumor microenvironment
due to the momentous photothermal response and red emissive
nature of injected nanohybrids. GQDs with ultrasmall size and
high dispersion ability provide imaging of ablated tumors with
promising emission intensity during NIR light irradiation,
followed by an efficient and prolonged (for days) accumulation
in cancer cells.

Successive and precise follow-up of tumor regression is
measured by localized tumor diagnosis, which demonstrates the
impact of the synergistic phototriggered chemotherapy. A
progressive reduction in tumor sue/volume is measured by
near-infrared fluorescence (NIRF) using an in vivo imaging
system (530 nm of excitation light). Figure Sa shows the time
dependent (0.5 h to 10th day) consecutive measurements of
NIR light treatment (with 800 nm laser 1 W/cm?) and the effect
on tumor shrinking in breast tumor bearing mice (female Balb/c
mice after intratumoral injection of 20 mg emissive carbanosilica
nanohybrids). The follow-up of NIRF imaging of tumor after
NIR exposure exhibits (1) promising tumor regression after NIR
light irradiation with a single dose of nanohybrid; (2) localized
tumor imaging; and (3) prolonged retention/accumulation
ability (tested up to 10 days) (see Figure Sa and Sb). Maximum
fluorescence intensity (about 10 X 107 p/cm?®/sr) from the
postinjected tumor area is observed after 1 h post NIR treatment
indicating an improved accumulation of emissive carbanosilica
nanohybrids in the deep tumor environment, which is further
notable up to the 10th day (about 1.89 X 107 p/cm?/sr) even
without injecting a second dose of carbanosilica (Figure Sb).
Further, NIRF imaging demonstrates a consistent reduction in
tumor size, measured through localized tumor diagnosis (81.1%
reduction in fluorescent intensity) due to the generated heat
(more than 47 °C) by the accumulated GQDs in the tumors.
Additionally, a time dependent (0.5 h to 10th day) photo-
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Figure S. Follow-up (0.5 h to 10th day) of image guided tumor
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theranostic agent in the tumor microenvironment. Qualitative (a) and
quantitative in vivo analysis (b), n = 3 is considered to measure mean,
standard deviation, and p values, *p < 0.01, **p < 0.003.

thermal response (up to 5SS °C) from tumor area is noticed with
5 min of NIR light exposure on postinjected tumor area, due to
the presence of photothermally active carbanosilica in the tumor
microenvironment (Figure SSa, b).

On the other hand, three groups (n = S) of tumor bearing
mice are prepared to evaluate the NIR light mediated synergistic
phototriggered chemotherapy approach. Preinjected mice are
considered as controls (group 1), with postinjection of drug
loaded carbanosilica (20 mg of single dose) without NIR
treatment (group 2) and postinjection of drug loaded
carbanosilica (20 mg of single dose) with S min of NIR
treatment (800 nm, group 3) being the other groups. A 20 mg
single dose of drug loaded carbanosilica is injected to the 4T1
tumors (intratumoral injection). The tumor volumes are
measured on each therapeutic day. Figure 6a—f demonstrates
the NIR light mediated tumor regression compared to control
(preinjected animal group) and chemotherapeutic groups
(doxorubicin loaded carbanosilica injected without NIR
exposure). Figure 6a shows significant tumor size and volume
regression (320 mm® to 100 mm?® at day 18) for NIR treated
mice due to the synergistic photochemotherapeutic approach
(see Figure S6a, b). However, only a 140 mm® (from 320 mm? to
180 mm®) tumor size reduction is observed for mice without
NIR light treatment (considered as chemotherapeutics group,
postinjected doxorubicin loaded carbanosilica). Hence, the
designed carbanosilica nanohybrids are capable of an improved
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Figure 6. Measurements of image guided tumor regression and the effect of synergistic phototriggered chemotherapy on tumor volume and weight.
Tumor volumes are measured using Vernier Calipers, analyzed statistically and represented graphically (n = 5) and compared with tumor bearing
preinjected mice (a). After treatment, tumors are excised, weighed, and analyzed statistically, n = S (b). Digital photograph of collected tumor sizes
during the therapeutic course, n = S (c, preinjected animals as control, drug loaded carbanosilica injected mice without NIR light exposure, and drug
loaded carbanosilica injected mice after NIR light irradiation, 20 mg dose for each). Observation of body weight during treatment planning, n =5 (d).
Qualitative and quantitative analysis of phototriggered tumor regression using drug loaded carbanosilica injected mice after NIR light irradiation

measured through in vivo bioluminescence imaging (e, f).

light-to-heat response during NIR light exposure, demonstrating
a substantial effect on tumor ablation, confirmed through
histopathological examination of NIR treated tumors (see
Figure S6¢). Tumor necrosis and suppressed invasion of cells are
clearly noticed from histopathological analysis of carbanosilica
injected tumor area after NIR light irradiation. The observed
tumor necrosis after NIR exposure indicates the effect of
phototriggered chemotherapy whereas lower necrosis is noticed
for groups with drug loaded carbanosilica without NIR
treatment due to the effect of the released anticancer drug.
Nevertheless, the preinjected tumor area is observed without
any necrotic county. Further, these variations are validated by
measuring the tumor weight (in grams) after sacrificing the
animals at day 18 (6 days after first treatment, see Figure 6b). A
0.2 g tumor weight is measured in the case of phototriggered
combinatorial therapy, which is significantly lower than
chemotherapeutics tumor weight (about 0.4 g) and control
tumor weight (0.58 g) groups.

Overall, the extensive reduction in tumor volume and weight
is due to the combined effect of generated heat and released
anticancer drug during NIR light irradiation at the tumor site
(see digital photographs in Figure 6¢c). The maintained body
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weight (about 20 g) and normal body score of all treated animals
(n S in each group) demonstrates an efficient and
biocompatible carbanosilica nanotheranostics agent, associated
with no toxicity effect on major organs (see Figure 6d, Figure
S6b and Figure S7). Moreover, the tumor regression during
phototriggered combination therapy is analyzed by in vivo
bioluminescence measurements showing a lower intensity of
4T1 cells after NIR light responsive photothermal-chemo-
therapy treatment, when compared to the control (pretreated
mice) as shown in Figure Ge, f.

For in vivo toxicity measurements, a regular animal health and
body score is observed, with no injury and/or histopathological
changes in vital organs (heart, lung, liver, spleen, stomach, and
kidney) for all postinjected and preinjected (control) animals
(Figure S8). Normal myofibers and muscle bundles are noticed
in the histopathology examinations> of heart tissue collected
from treated and control animal groups. Maintained bronchiole
with epithelial linings, connective tissues and cartilage, and
controlled alveoli are observed from histopathology analysis of
lungs. Normal portal triad and hepatocytes are clearly noticed in
the liver. No changes in white and red pulps are seen in spleen.
Similarly, pits and glands are normally found in histology of the
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stomach. Additionally, parietal cells and chief cells are observed
with maintained morphology. Glomeruli and tubules in kidney
are also normal in all groups of mice (preinjected mice as
control, drug loaded carbanosilica treated animals without NIR
exposure and after NIR irradiation). Notably, Qian et al. have
reported the biodegradation of silica based nanohybrids via
swelling and weakening of the strong Si—O—Si network formed
after polymerization of silanol condensation.”” They have
observed Si—C bond weakening by absorbing aqueous media
that help in gradual degradation of the nanostructures enhanced
by encapsulated quantum dots. Hence, maintained body weight,
good health of treated animals, no acute changes in tissues, etc.
ensure the biocompatibility of designed emissive carbanosilica
nanohybrids.

B KEY IMPORTANCE AND NOVELTY OF
CARBANOSILICA

So far, various multifunctional organic, inorganic and biological
nanohybrids have been attempted for tumor imaging and tumor
ablations applications (see Table S1). However, poor
penetration and retention in tumor microenvironment, toxicity,
multiple and heavy dose administrations, high powered NIR
light irradiation (2—6 W/cm?), and rapid clearance are critical
concerns. Apart from these limitations, sophisticated synthesis
and bioengineering of nanohybrid “theranostics agents” are
other major challenges. Moreover, the image guided tumor
shrinking and its follow up using minimum and single dose
administration of nanotheranostics have not yet been well
explored. Here, in this work, we have investigated the
comprehensive follow up (up to 10 days) of solid tumor
shrinking/reduction upon moderate power of NIR light (1 W/
cm?) with single dose of nanohybrid (20 mg) due to better
photothermal response (about 52 °C) of injected carbanosilica
(graphene quantum dots, GQDs embedded mesoporous silica).
Effective distribution of GQDs in porous silica network ensures
the significant light to heat response. Recently, a carbon
nanodots incorporated silica framework has been tested for in
vivo antitumor therapy.”” However, the earlier report is far from
addressing high surface area (more than 700 m*/g) that yields
low cargo capacity (for an anticancer drug molecules) materials
and the privation of combination chemo-photothermal
therapeutic ability of synthesized nanoplatforms. Additionally,
previously reported carbon nanodots-mesoporous silica nano-
hybrids®” have been achieved via electrostatic assembly strategy
(hydrogen bonding) that hampers the colloidal stability,
porosity, and uniform distribution of designed nanohybrids,
but biodegradation is a major achievement so far. In the present
work, we report high surface about 850 m?/g with a pore volume
0f 0.39 cm®/g that shows about 31% of drug loading capacity due
to the ordered 2D porous architecture of designed carbanosilica.
Further, red emissive nature, significant photothermal response,
and high cargo capacity improve the image guided combination
therapeutic ability of engineered carbanosilica upon single
wavelength NIR light irradiation. Importantly, high penetration
and retention of injected carbanosilica in a solid tumor
environment have been noticed due to phototriggered release
of uniformly distributed quantum dots that is validated through
in vivo studies. Moreover, better performance with multi-
functionality at lower dose make carbanosilica a potential
onconanomedicine for localized solid tumor imaging and
selective tumor ablation. Overall, a cost-effective nanohybrid
has been designed for image guided cancer therapy that reduces
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the cost of diagnosis and treatment and could give a new hope
for affordable diagnosis and treatments.

B CONCLUSIONS

Here, we have investigated the accumulation of emissive
nanohybrids into solid tumors, which are able to persist for a
long time in the tumor microenvironment. These up taken
nanohybrids maintain their emissive and photothermal proper-
ties for a long time that ensures the image guided tumor
regression followed by a synergistic phototriggered chemo-
therapy in breast cancer. Prior to in vivo examinations, uniform
particle size distribution, deep encapsulation of graphene
quantum dots in porous silica, improved stability, high surface
area (850 m*/g), and drug loading capacity (31%) are validated
through physicochemical characterizations. A high photo-
thermal response (about 48 °C in 3 min) and cargo capacity
of the designed carbanosilica nanohybrids make them ideal for
synergistic phototriggered chemotherapy. A single dose
administration of fluorescent carbanosilica demonstrates a
promising temperature rise (about 55 °C) and fluorescent
intensity (10 X 107 p/cm?/sr), which are sufficient for tumor
ablation (about 68.75%) and successive follow-ups of tumor
imaging. The generated heat enhances the accumulation of the
silica nanohybrids into solid tumors, inducing the thermolysis of
tumor cells and, therefore, promoting tumor size reduction.
Moreover, a systematic observation of tumor imaging after each
therapeutic trial reveals the persistent tumor regression, which is
validated through several qualitative and quantitative in vivo
analyses. Tumor regression and in vivo biocompatibility are
substantiated with histopathological examinations. Importantly,
the injected functional nanohybrids are biocompatible as
confirmed through body weight and normal animal health
observations. In summary, the deep tumor localization and
regression clearly demonstrate the advancement of the designed
carbanosilica nanohybrids as powerful nanotheranostic agents
for localized tumor imaging/diagnosis and therapy.

B METHODS

Materials and Characterization Techniques. N-Cetyltrimethy-
lammonium bromides (CTAB, 95%), (3-aminopropyl) triethoxysilane
(APTES, 98%), tetraethylorthosilicate (TEOS, 99.9%), doxorubicin
hydrochloride (DOX, 96%), sodium hydroxide (98%), and (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-MTT) were
purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium
(DMEM), Fetal bovine serum (FBS), and 4’,6-diamidino-2-phenyl-
indole (DAPI) were obtained from HiMedia Pvt. Ltd., India. GQDs
were prepared from Mangifera indica. Hydrochloric acid (95%),
dimethyl sulfoxide (DMSO), and methanol were purchased from
Merck.

Microscopic studies were demonstrated by using transmission
electron microscopy (TEM), Philips CM200, and scanning electron
microscopy, FEI, Model Quanta 200. Powder XRD (PXRD) patterns
were recorded using a dual goniometer diffractometer with 0.4 X 12
mm line/point of focus size and Scintillator Nal, Dtex detector.
Elemental analysis was done by using transmission electron
microscopy. Further, UV—vis spectroscopy was performed at a path
length of 1 cm using PerkinElmer Lamda-25. Adsorption—desorption
isotherms using N, were recorded using a Quanta chrome Quadra Win
instrument. Surface area was calculated using the multiple-point
Brunauer—Emmett—Teller (BET) theory. Pore volume was estimated
at a relative pressure of P/P, = 0.9. Fluorescence spectroscopy
measurement was conducted using a Shimadzu instrument at a slit
width of S nm (excitation and emission). Fluorescence microscopy was
carried out by using 465-95, 540-25, and 540-80 nm filters from an
inverted fluorescent microscope. In vivo emissive images were recorded
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using an IVIS spectrum imaging system (IVIS spectrum Xenogen). NIR
light mediated photothermal transduction experiments were performed
by using an 800 nm NIR laser source.

Preparation of Fluorescent Graphene Quantum Dots
(GQDs). Emissive GQDs were prepared by using Mangifera indica
(mango) leaves. The synthesis recipe was adopted from an earlier
reported process with some modifications.’ About 3 c¢m pieces of
mango leaves were immersed in the 20 mL of ethanolic solution for 16
h. The obtained extract from leaves was collected via centrifugation (13
k rpm for three times) and further filtered multiple times. Finally,
ethanol solvent was evaporated using a rotary evaporator and further
processed in a hot-air oven to make concentrated product. The aqueous
suspension of obtained material was treated in microwave conditions
for 10 min (800 W). After completing the reaction, the prepared scum
was dispersed in ethanol, was filtered, and was further dried at 70 °C to
obtain graphene quantum dots (GQDs).

Synthesis of Emissive GQDs Embedded Porous Silica
Nanohybrid (Carbanosilica). N-Cetyltrimethylammonium bro-
mides (CTAB, 0.5 g) were dissolved in 380 mL of Millipore water
under vigorous stirring at constant 85 °C temperature. After stabilizing
the reaction temperature, 1.5 mL of aqueous NaOH was added to
adjust the pH around 10.4. After controlling all parameters, a mixture of
TEOS:APTES (400 uL from 4:1 ratio) was added dropwise into CTAB
assembled aqueous suspension. After 15 min of stirring, red emissive
GQDs (0.5 mg/mL) were added into the above mixture followed by
control addition. A greenish milky suspension was observed after 3 h of
reaction time indicating the complete hydrolysis and condensation of
added silica precursors over GQDs attached CTAB assemblies. The
obtained mixture was kept for 12 h without any disturbance, and then
the product was collected via centrifugation (8000 rpm three times).
The obtained product was thoroughly washed with the diluted
methanol and further dried at 70 °C using a vacuum oven for
overnight. CTAB surfactant was removed from as synthesized
nanoparticles to create the porosity in fabricated nanohybrids. CTAB
surfactant was removed by mixing 500 mg of as prepared nanoparticles
in acidic methanol (50 mL) at 65 °C temperature followed by vigorous
stirring. The final product was collected via centrifugation and washed
with the methanol and dried at 70 °C using a vacuum oven. The
prepared materials were characterized and used for cancer theranostics
applications.

Synthesis of Doxorubicin Loaded Carbanosilica Nano-
hybrids. Doxorubicin hydrochloride'® was used as a model drug to
evaluate the loading capacity and therapeutics efficacy of designed
carbanosilica nanohybrid. One mg/mL of doxorubicin hydrochloride
was prepared in PBS (pH 7.4) that was incubated for 24 h with 200 mg
of surfactant free carbanosilica nanohybrids. After complete incubation,
the product was collected via centrifugation and washed with Millipore
water until observing almost transparent supernatant. The mass of drug
loaded in nanoparticles was calculated by subtracting the mass of drug
in the supernatant from the total mass of drug used (see eq SS).

Photothermal Transduction Assessment. Photothermal trans-
duction experiments were performed at two concentrations (0.5 and 1
mg/mL) of designed carbanosilica nanohybrid using 1 W/cm? power of
800 nm NIR laser source. Prior to beginning the NIR light exposed
photothermal transduction, the temperature of the water bath was
stabilized to 37 °C. Now, 200 uL of carbanosilica nanoparticles at two
different concentrations was added into 96 well plates and exposed to
800 nm a continuous wave NIR laser source for 5 min. Time dependent
photothermal response was recorded by a digital thermometer. PBS and
parent surfactant free silica particles were used as controls. Further,
photothermal efficiency () was determined by measuring the time
dependent heating and cooling temperature rate of NIR treated
carbanosilica nanohybrids (see Supporting Information and eqs S1—S4
for more details).

Stimuli Triggered Drug Release. To evaluate the stimuli
responsive drug release pattern with respect to cancer mimicked
conditions and NIR light mediated therapy, 1 mL of doxorubicin
hydrochloride loaded carbanosilica nanohybrids was added in a dialysis
bag that was immersed in 250 mL of PBS at various pH values (2, 4, 5, 6,
and 7.4) and pH 2, 4, 5 with 800 nm NIR light irradiation for S min. At
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various time intervals, 2 mL of solution was collected and replaced with
the same volume of fresh PBS solution. The obtained suspension was
measured for absorption spectroscopy to examine the presence of
released drug in the collected suspension.

In Vitro Biocompatibility. Various components of carbanosilica
such as GQDs and surfactant free silica were selected to examine the
biocompatibility of designed carbanosilica at 10—200 ug/mL
concentration range. Normal L929 cells were seeded at a density of 1
X 10° cells per well in 96 well plates and incubated for 24 h in 5% CO,
atmosphere at 37 °C using Dulbecco’s Modified Eagle’s Medium
(DMEM Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum. For MTT assay, after 24 h incubation time, 100 yL of
different concentrations (10—200 yg/mL) of carbanosilica, GQDs, and
surfactant free silica was added into the wells. After 24 h of incubation,
the wells were washed off with PBS and 20 yL of MTT dye was added
and formed formazan crystals after 4 h were dissolved using 200 uL of
DMSO. Optical absorbance was recorded at 570 and 690 nm using a
microplate reader (Tecan Infinite 200 PRO). Percentage cell viability
was calculated in reference to untreated cells.

In Vitro Cellular Uptake. 4T1 cancer cells (1 X 10°) were cultured
in DMEM culture media that was supplemented with 10% fetal bovine
serum and incubated for 24 h in 5% CO, atmosphere at 37 °C. After
being rinsed with PBS, 200 pg/mL of carbanosilica nanoparticles were
added and incubated for 6 h. After 6 h incubation, cells were washed
with PBS three times to get rid of all the unbound particles and 4%
paraformaldehyde solution was added to the cells followed by 10 min
nuclei staining with 4,6-diamidino-2-phenylindole (DAPI, 1 yg/mL in
PBS). After the complete incubation period, the staining solution was
repetitively washed with PBS. The coverslip was mounted on a drop of
70% glycerol on a glass slide, and fluorescence images were taken using
a fluorescence microscope.

NIR Light Triggered Combined Therapeutic Assessment. 4T1
breast cancer cells were seeded into 96 well plates at a density of 1 X 10°
cells/well followed by overnight incubation in 5% CO, atmosphere at
37 °C. After rinsing the wells with PBS, cells were incubated with 200
pug/mL concentration of surfactant free silica, carbanosilica, and
doxorubicin drug loaded carbanosilica nanohybrid each with and
without NIR light (800 nm, 1 W/cm?® power) treatment. After 6 h of
incubation, wells were rinsed with PBS three times to get rid of all the
unbound particles. After treatment, these plates were incubated for
another 15 h. Formed formazan crystals were dissolved by using 200 uL
of DMSO. Optical absorbance was recorded at 570 and 690 nm using a
microplate reader. Percentage cell viability was calculated in reference
to untreated cells. The following groups were considered for
comparative therapeutic assessment: only cancer cells, NIR light
treated cancer cells, surfactant free silica treated cells with and without S
min of 800 nm NIR exposure, carbanosilica treated cells with and
without 5 min of NIR exposure, and doxorubicin drug loaded
carbanosilica treated cancer cells with and without 5 min of NIR
exposure. MTT assay was performed to measure the cell viability.

Ethical Approval and Localized Tumor Diagnosis. Protocols
for animal experiments (studies with female Balb/c mice) were
approved by the Institutional Animal Ethical Committee (IAEC) of
National Centre for Cell Science, Pune, India (NCCS, Pune) followed
with the IAEC guidelines throughout animal studies. 1 X 10° 4T1 breast
cancer cells were injected subcutaneously into the mammary fat pad of
Balb/c mice, and after a week of time tumor growth was measured to
begin the further studies.

A single dose (20 mg) of fabricated carbanosilica was administrated
on the 4T1 tumor site through an intratumoral route. The fluorescence
images of the postinjected tumor bearing Balb/c mice were captured at
various time points using an in vivo imaging system (IVIS spectrum
Xenogen for NIR fluorescence) followed by 530 nm of excitation
wavelength. During in vivo imaging all animals were anaesthetized.
Three mice/group were used for time dependent tumor diagnosis, and
five mice/group were prepared to examine the therapeutic outcomes.

Image Guided Tumor Regression Follow-up and Synergistic
Phototriggered Chemotherapy. A 20 mg dose of drug loaded
carbanosilica nanohybrid was intratumorally injected at the 4T1 tumor
site in female Balb/c mice. Postinjected mice were exposed for 5 min of
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NIR light (800 nm, 1 W/cm?); then the in vivo NIR fluorescence
(NIRF) images of treated animals were noted and further followed with
fluorescent measurements at various time points (0.5h, 1 h, 6h, 24 h, 48
h, 72 h, 6th day, 8th day, and 10th day of postinjection) with
anesthetized condition of animals. The qualitative and quantitative
measurements for successive tumor regression were made by using
NIRF imaging analysis followed by IVIS spectrum Xenogen for NIR
fluorescence. Additionally, the temperature measurements from the
postinjected tumor site after NIR light irradiation were recorded using a
digital thermometer at various time points as mentioned above. Treated
mice were compared with the pretreated and preinjected mice group
(control).

Next, in vivo therapeutic studies were carried out with postinjected
tumor bearing balb/c mice with the following groups (5 mice in each
group about 20 g body weight): (1) only tumor bearing mice, (2) single
dose of doxorubicin loaded carbanosilica injected tumor bearing mice
without NIR light irradiation (measured for chemotherapy), and (3)
doxorubicin loaded carbanosilica injected (20 mg of single dose) tumor
bearing mice with S min of 800 nm NIR light exposure (measured for
phototriggered chemotherapy). These treatment groups were repeated
with an alternative day interval using the above-mentioned conditions.
Tumor growth (size and volume) was monitored during 18 days of
treatment course. All involved mice in treatment course were sacrificed
on the last treatment day to collect tumors for weight measurements.
Further, the tumor regression was evaluated by using bioluminescence
(using luciferin) observations of treated mice that were compared with
preinjected mice (control group).

In Vivo Biocompatibility Measurements. Body weight, health
behavior, and histopathological measurements of treated animals were
demonstrated to ensure the biocompatibility of injected carbanosilica
nanohybrids. Body weight and health measurements of all animals
(treated and untreated mice) were regularly noted during the 18 days of
treatment planning course. On the 18th day of treatment with respect to
the initial cell culture day, animals were sacrificed, and major organs
were collected for histopathological studies. During the treatment
course the maintained body weight and good health of mice were
observed.

Statistics. All experiments for this present work were demonstrated
in triplicate and analyzed by Student’s ¢ test. Spectra, patterns, and
graphs were plotted by using OriginPro 8 and sigma plot 10.0 software.
Remarkable observations between different groups were assessed by
Student’s t test.
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