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Preparation of Doxorubicin (Dox) conjugated on carbon

dots and zinc phthalocyanine (ZnPc) incorporated hydrogel
using PEGMA and PAA polymer was accomplished. The
combinatorial chemo-phototherapeutic hydrogel is capable
of releasing chemo and phototherapeutic drugs (Dox and
ZnPc) in response to pH and emits reactive oxygen species
when exposed to laser light at the breast cancer cell location.
This research outcome indicates that the photoarchitectonic
hydrogel has the potential to undergo synergistic chemo- and
photodynamic therapy for cancer treatment.
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Introduction

A photoarchitectonic hydrogel for synergistic
in vitro chemo—phototherapy of breast cancery

2 Binduma Yadav,”® Mahesh D. Patil,#* Anil Kumar Pujari,*
*ab

Shatabdi Paul,
Umesh Singh,? Vikas Rishi® and Jayeeta Bhaumik

Currently, combinatorial therapy has evoked interest in cancer treatment, and may promote achieving a
synergistic effect using cancer medicines. Laser-assisted and pH-responsive therapies have attracted
significant attention, and their combination leads to high efficiency cancer treatment. Herein, we
developed a chemo—phototherapeutic hydrogel comprised of doxorubicin (DOX, a chemotherapeutic
drug) and zinc phthalocyanine (ZnPc, a phototherapeutic drug) for combinatorial and synergistic treat-
ment of breast cancer. Firstly, we have developed carbon dots (CDs, size of ~5 nm) utilizing lignin and
folic acid as biocompatible sources. Then doxorubicin was loaded on the surface of the carbon dots via
conjugation (DOX@CDs). Later on, zinc phthalocyanine and acrylic acid derivatives were utilized to
develop a laser-responsive hydrogel (ZnPc-PP H). Afterward, doxorubicin-conjugated carbon dots were
incorporated into the photoarchitectonic hydrogel to develop a chemo—-phototherapeutic drug-loaded
hydrogel (DOX@CDs—-ZnPc-PP H). Subsequently, the in vitro pH-triggering experiments demonstrated
that the hydrogel loaded with both DOX and ZnPc could release the drugs in an acidic environment.
Interestingly, in vitro assays confirmed that DOX@CDs-ZnPc-PP H could effectively target breast cancer
cells (MCF-7). Furthermore, the developed chemo-phototherapeutic hydrogel exhibited non-cytotoxic
behavior. Owing to laser assisted reactive oxygen species generation from ZnPc present in the hydrogel,
the growth of MCF-7 cells was significantly lowered. In conclusion, all experimental outcomes indicate
that the photoarchitectonic hydrogel has the potential to be applied in synergistic chemo- and
photodynamic therapy of cancer.

significant cause of mortality in women globally, with an
estimated 1 in 9 women being diagnosed with it at some point

Cancer is a congenital disorder with a high death rate and is
defined by aberrant cell development, proliferation, and
metastasis.” Breast cancer is the second foremost reason of
cancer deaths in women in the United States, followed by lung
cancer.” Over the last 50 years, breast cancer has been the most
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of time.*> Rapid sociological, economic, and lifestyle changes
are responsible for this worldwide trend in breast cancer
among women, and have resulted in a consistent rise in
occurrence (25%) and mortality (15%) rates, respectively.*
Furthermore, despite the clinical availability of numerous
antitumor treatment techniques, including radiotherapy, sur-
gery, and chemotherapy, breast cancer remains one of the fatal
diseases worldwide.”

Doxorubicin (DOX) is a prominent cancer chemotherapeutic
drug used to treat many types of carcinomas and soft tissue
sarcomas.® Like most anticancer chemotherapeutic drugs, DOX
has systemic adverse effects because of the non-selective uptake
of the drug by healthy non-cancerous tissues. The recent
research efforts aim to improve the efficacy and selectivity of
targeted drug delivery systems, which can selectively transport
and release drugs at cancer sites.”® Next, to deliver chemother-
apeutic drugs to tumor areas, nanoparticles are used.’ Recent
developments in receptor-mediated targeted drug delivery
methods using different targeting ligands, such as folic acid
(FA), are noteworthy.'® Folic acid receptor-mediated uptake by
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endocytosis might be applied for drug delivery systems. In this
context, carbon dots (CDs) that exhibit excellent biocompat-
ibility, strong surface functionality, and improved cellular
absorption have become potential drug delivery carriers.'"?
Extensive studies have been carried out on the preparation of
CDs, and several approaches, including hydrothermal cracking,
microwave-mediated synthesis, and oxidation of carbon nano-
tubes and graphite, have been developed."® Hydrothermal
methods have been the most extensively used of these techni-
ques because they are easy to use and economically friendly,
and they can be carried out under controlled reaction
conditions."* Recently, enhanced cellular absorption, strong
surface activity, and outstanding biocompatibility make CDs an
attractive alternative for improving the effectiveness of cancer
treatment and reducing adverse side effects. Due to the pre-
valence of numerous functional groups, including NH,, OH,
and COOH, that are present on the surface of CDs, it is feasible
for CDs to interact with various drugs through covalent or
electrostatic bonding.'® In this context, research has demon-
strated that DOX conjugated carbon dots, compared to only
DOX, are more effective in targeting cells, probably owing to the
high receptor-mediated transport to the cancer sites.>® Hence,
chemotherapeutic drug conjugated carbon dots would pave the
way to deliver the drugs to the cancer sites.

According to recent studies, combinatorial therapy can
activate many cytotoxic pathways,'® resulting in a synergistic
antitumor effect. Recently, using multimodal therapeutic nano-
materials in combinatorial cancer treatment has attracted
interest.'”” Combinational use of drugs has lately become a
smart strategy to treat a complicated disease. The benefits of
the combinational use of drugs include synergistic effects, low
toxicity, dosage reduction, and reduced drug resistance.'®*2°
Combining targeted delivery systems, chemotherapy, and
photodynamic therapy (PDT) result in effective cancer
treatment.’®>! As a result, PDT in combination with che-
motherapy has gained enormous interest in cancer therapy.
Also, the combination of PDT and chemotherapy can improve
the therapeutic efficacy of low-dose chemotherapy and thereby
reduce the side effects and drug resistance.””>* Furthermore,
to avoid unwanted -cytotoxicity, chemotherapeutic agents
should be released in a controlled manner. Among the several
stimuli, using a photosensitization process to produce reactive
oxygen species (ROS) has attracted the most attention.>>>”

In this context, using red laser capable of penetrating several
centimeters into human soft tissue with minimal damage is a
non-invasive external approach.”® Photodynamic therapy (PDT)
is a photochemical approach in which a photosensitizer is
applied that causes localized tumor tissue damage when the
tissue is exposed to light.>**° ROS, particularly singlet oxygen,
are generated by the combined action of three individually
nontoxic elements, including a photosensitizer, light with a
particular wavelength, and oxygen, to cause cellular and tissue
damage.?! Zinc phthalocyanine (ZnPc), a food and drug admin-
istration (FDA), USA-approved photosensitizer activatable by
red laser, has been proven to be successful in treating
cancers.*? Zinc phthalocyanine (ZnPc)-mediated photodynamic
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therapy (PDT) is effective as a unique therapeutic method in
treating breast cancer in vitro.*** Owing to their strong
absorption in the phototherapeutic window (650-800 nm) and
high efficiency in generating ROS, zinc(u) phthalocyanines,
second-generation photosensitizers for PDT, are highly promis-
ing imaging agents. Notably, phthalocyanine, one of the zinc(u)
phthalocyanine derivatives, is currently undergoing phase II
clinical trials to treat MCF-7 tumors.”® Light-responsive
drugs, ie., hydrophobic phthalocyanine macrocycles, could
coordinate with a hydrophilic polymer to form a ZnPc-
polymer-based hydrogel.

Furthermore, pH is important in most biological and many
chemical systems. Precise monitoring of the physiological pH is
highly recommended for treating various pathological and
physiological conditions.?® A slight alteration in pH may indi-
cate serious health issues, including cancer. Therefore,
pH-responsive hydrogels are emerging as drug carriers to
achieve the localized and site-specific sustained release of
drugs in breast cancer.**®*” They have some significant
features like possessing softness and resemblance to biological
systems. Hydrogels have drawn a great deal of interest with a
wide range of possible medical, pharmacological, and prosthe-
tic uses.*®*? Hydrogels are three-dimensional hydrophilic poly-
mer networks that hold a significant fraction of water.*’
Hydrogels have capacity to absorb water and their swelling
and permeability characteristics facilitate their direct biological
use. These traits result in their rapid solubilization under pH
stimuli, and their structure’s weak mechanical strength allows
them to undergo structural deformations.*"*** The crosslink
density and distribution of a hydrogel network impact its
mechanical properties, as structural heterogeneity may
enhance its mechanical strength.** Recent research on hydro-
gels has shown that two independently crosslinked biocompa-
tible polymer networks can increase their mechanical strength.
Therefore, two types of polymers have been considered,
namely, poly(ethylene glycol) (PEG) and poly(acrylic acid)
(PAA), where these two polymers were crosslinked to form a
hydrogel.** Non-linear PEG analogs, particularly PEGMA, are
recognized to be biocompatible similar to linear PEG.** Incor-
porating multifunctional nanoparticles into a hydrogel can
produce an effective and smart delivery system. Therefore,
incorporating nanoparticles into pH-responsive hydrogels,
such as carbon dots (CDs), may result in an assembly with
increased mechanical properties.

Various stimuli-responsive hydrogels have been developed
for ‘smart’ drug delivery.*>*® Although hydrogels and carbon
dots are independently studied for drug delivery, no reports
on integrating hydrogels and carbon dots to target cancer cells
are available. Furthermore, combinatorial drugs to be adminis-
tered can be enclosed in a hydrogel and delivered at tumor sites
maintaining a high drug concentration in the tumor tissue for
an extended period and lessening systemic toxic side effects.””
Therefore, our research focuses on developing a ZnPc-based
hydrogel system using a biocompatible polymer. Initially, an
integrated DOX conjugated CDs and ZnPc-PP hydrogel
system was developed. The resulting chemo-phototherapeutic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the preparation of doxorubicin (Dox)
conjugated CDs (Dox@CDs) and a zinc phthalocyanine incorporated
hydrogel using PEGMA and PAA polymers (Top part of the scheme). (b)
The combinatorial chemo—phototherapeutic hydrogel releases drugs in
response to pH and generates reactive oxygen species when exposed to
laser light at the breast cancer cell location (Bottom part of the scheme).

drug-loaded hydrogel system was utilized in red laser assisted
drug delivery which released the therapeutic drugs in the
cancer microenvironment. We demonstrate that DOX@CDs-
ZnPc-PP H with a combinatorial dose of the chemo-photother-
apy drugs elicits anticancer efficacy after a single treatment.
Therefore, red laser assisted ROS-generation by the photoarch-
itectonic hydrogel with combined chemo-phototherapeutic
drugs can be applied to destroy breast cancer cells as illustrated
in Scheme 1. Finally, the cell viability assessment was con-
ducted for the Michigan Cancer Foundation (MCF-7) breast
cancer cell line to evaluate the anticancer potential of the
material.

Results and discussion

Preparation and characterization of carbon dots and
chemotherapeutic drug-conjugated carbon dots

Over the past few decades, non-cytotoxic carbon dots (CDs)
have emerged as the formulation for targeted drug delivery.*®
Drug composites were developed by simply mixing many dif-
ferent therapeutic agents with carbon dots (CDs) as cargoes for
cancer therapies. Therefore, the drug’s addition order and the
reactants’ concentration were optimized in the present study.
CDs were synthesized using lignin and folate receptor-targeted
moieties, viz. folic acid, to form a solution, following which the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic illustration of the carbon dots (CDs) (a) synthesis
from lignin and folic acid as a coating via a hydrothermal method and (b)
the conjugation of doxorubicin (DOX) on CDs (DOX@CDs).

chemotherapeutic agent DOX was conjugated. As illustrated in
Scheme 2(a), kraft lignin (a biocompatible polymer) and folic
acid were used as the precursors for the simple one-pot hydro-
thermal method-based synthesis of kraft lignin and folic acid
functionalized carbon dots (CDs). Briefly, the CDs were synthe-
sized by the hydrothermal treatment of varying ratios of lignin
and folic acid in ethanol at temperatures ranging from 100-
200 °C for 2-10 h. The resultant CD solutions were assessed for
size and surface charge. The optimal CD solution was obtained
with a weight ratio of lignin: folic acid at 2:1 (% w/w), and it
displayed a surface charge of —22.12 mV at pH 7.0 (ESL¥
Section S2 and Fig. S1).

The high-resolution transmission electron microscopy (HR-
TEM) images of CDs displayed black dots with an average size
of ~4.6 nm (Fig. 1(a)-(c)). The HR-TEM images also showed
visible lattice fringes (Fig. 1(d)), which corresponded to the
d-spacing of the carbon planes, with a lattice spacing of
0.21 nm (Fig. 1(e)). The standard atomic configurations seen
in most CDs suggested a high degree of crystallinity.*’ In this
line, the crystalline character of the material is well demon-
strated by the bright spots in the selected area electron diffrac-
tion (SAED) pattern (Fig. 1(e)). A broad single diffraction peak
in the XRD pattern centred at angle of 25° is attributed to
disordered carbon atoms with an amorphous surface structure
(Fig. 1(f)).>°" Furthermore, the analysis of the composition of
CDs using EDS (energy-dispersive X-ray spectroscopy) revealed
the uniform distribution of C, O, and N. The presence of N and
C elements of the folic acid showed its successful embedding
on the CDs (Fig. S2 and Table S1, ESIT).

Next, the UV-Vis absorption and FTIR spectra of the CDs
were obtained to examine the assembly of the lignin-folic acid-
based CDs. The CDs are developed via n-n stacking interac-
tions, and their peaks are observed at 212 nm and 264 nm
(Fig. 1(2)).>* Additionally, the FTIR spectra were used to confirm
the formation of CDs (Fig. 1(h)). Importantly, a C—O0 (acid)
stretching frequency peak was observed in the fingerprint area
in the range of 1750-1600 cm ™ * and a broad absorption peak in
the range of 3500-3000 cm ' due to the -OH and -NH,
functional groups of folic acid which is retained in CDs. A
similar FTIR pattern has been reported for CDs prepared
hydrothermally from citric acid and ethylenediamine.*® Next,
in the XRD pattern of the crystalline phase of CDs, peaks were

Mater. Adv,, 2024, 5,1903-1916 | 1905
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Fig.1 (a)-(d) High-resolution electron microscopy images of CDs.
(e) SEAD pattern of only CDs. (f) XRD pattern of CDs. (g) UV-Vis spectra
(h) FTIR spectra. (i) High-resolution electron microscopy images of DOX
conjugated CDs (DOX@CDs). (j) Average particle size of DOX conjugated
CDs and (k) zeta-potential of CDs and DOX and DOX@CDs. (l) UV-Vis
spectra of CDs, DOX, and DOX@CDs. (m) FTIR spectra of DOX@CDs and
DOX.

observed at 11.08, 26.92, and 28.5 (Fig. 1(f)). However, lignin
depicts amorphous nature (Fig. S3, ESIt). However, peaks
present at 260 of 11.12, 14.2, 16.1, 23.8, 27.1, and 28.5° with a
slight shift for the CDs can be attributed to the formation of a
folic acid layer and they were compared with the reported folic
acid peaks® for confirming that the lignin—folic acid carbon
dot synthesis was accomplished.

Subsequently, to improve the targeted delivery of DOX, it
was conjugated with the surface of CDs (DOX@CDs) using
EDC-NHS coupling. For this, the conjugation reaction was
carried out using the CDs. The carboxylic group of folic acid
on the CDs can be coupled to the NH, group of DOX to form an
amide linkage between CDs and DOX as shown in Scheme 2(b).

1906 | Mater. Adv,, 2024, 5,1903-1916
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In a typical reaction, CDs (10 mL, 1 mg mL™' water) and a
solution of DOX (1 mL, 1 mg mL~") were coupled. To activate
the carboxylic acid group of CDs, aqueous solutions of the
coupling reagent EDC (80 pL, 5 mg mL ') and after some time
NHS (80 pL, 5 mg mL ') were added to generate a highly active
ester center that was responsible for DOX conjugation. The
reaction mixture was then agitated in the dark for 24 hours at a
temperature of 37 °C and 150 rpm. Following the centrifugation
and decantation procedures, DOX@CDS was purified (washing
three times, 16000 rpm, 20 min). Furthermore, HR-TEM
images confirmed the successful conjugation of DOX on the
CDs, and the size of spherical-shaped DOX@CDs was ~ 12 nm
(Fig. 1(i)). The average particle size obtained for the distributed
DOX conjugated CDs (DOX@CDs) displayed that the maximum
size of nanoparticles was on the order of 12 nm (Fig. 1(j));
the zeta potential (£) values of the CDs and DOX@CDs were
—22.12 mV and —9.03 mV, respectively (Fig. 1(k)). The decrease
in the surface charge suggested that the conjugation of DOX on
the surface of CDs was accomplished. The drug loading per-
centage of DOX@CDs was calculated to be 65 + 1.2% (Table S2
and Fig. S4, S5, ESIt) using the standard plot of only DOX
(Fig. S4, ESIt). UV-Vis absorption spectra revealed the red-shifting
of the characteristic peak of DOX from 480 to 500 nm, corrobor-
ating the conjugation of DOX on CDs (Fig. 1(1)).

Next, the FTIR spectra of DOX@CDs revealed a distinctive
intense absorption peak at 1800-1600 cm ™' with a significant
shift that was attributed to the -CONH stretching vibrations of
the amide linkage between CDs and DOX (Fig. 1(m)). The broad
stretching peaks at 3500-3000 cm™ " were ascribed to -NH, and
-OH functional groups present in DOX and CDs. Also, the FTIR
spectrum of DOX@CDs reflects that the the conjugation of DOX
onto the surface of CDs was successfully achieved (Fig. 1(h)). In
addition, the crystal structure of DOX@CDs was investigated by
X-ray diffraction (XRD). In the case of only DOX, a clear crystal-
line phase was seen in its native phase. Nevertheless, the
lowest degree of crystallinity was observed in DOX®@CDs
(Fig. S6, ESIY).

Fabrication and characterization of phototherapeutic drug-
loaded hydrogels (ZnPc-PP H)

Zinc(u)phthalocyanine (ZnPc) has emerged as an effective red
light-responsive drug in PDT, owing to its distinct features such
as strong photo-stability and its potential to convert visible
excitation photons to reactive singlet oxygen species.’® How-
ever, the applicability of ZnPc with photophysical characteris-
tics in a biological microenvironment is confined due to some
limitations, including low water solubility, colloidal stability,
and a lack of selectivity for cancer cells.** Therefore, research-
ers have tried to integrate ZnPc into a carrier system to increase
its therapeutic efficiency while minimizing its limitations.”*
Stimuli-responsive hydrogels are cross-linked polymer net-
works that have received significant interest. Owing to their
exceptional virtues, namely, high-water content, tuneable pore
size and surface area as well as absorption ability of drugs, they
show good tumor targeting ability, prolonged blood circulation,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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excellent biocompatibility, and slow and sustained release of
drugs.*®

To endow ZnPc with laser-induced therapeutic ability,
hydrogels were developed for pH-responsive sustained release
of drugs. For this purpose, hydrogels were fabricated using
biocompatible polymers PEGMA [poly(polyethylene glycol
methyl ether methacrylate)] and PAA (polyacrylic acid) and zinc
phthalocyanine using a chemical cross-linking reaction. Con-
sequently, the weight ratio of PEGMA:ZnPC:PAA was opti-
mized (ESL 7} Fig. S7). As shown in Scheme 3, the synthesized
zinc phthalocyanine-poly(polyethylene glycol methyl ether
methacrylate-polyacrylic acid) hydrogel (ZnPc-PP H) is a cross
linked hydrogel with the ZnPc photosensitizer bonded between
PEGMA and PAA. The light-responsiveness of drug ZnPcs allows
it to interact with the PEGMA®® and PAA®® hydrogel via hydro-
gen bonding and co-ordination interactions.’>” Potassium per-
sulfate (KPS) has been introduced as a free radical initiator for
cross-linking of PEGMA and PAA. Hence, ZnPc-PP H was
developed upon step-wise addition of all the mentioned
reagents under heating conditions (at 70 °C for 30 min).
Transparency is the foremost requirement for photodynamic
treatment because it allows light to pass through a hydrogel
and excite a photosensitizer.>® Consequently, the transmittance
of the newly developed hydrogel was recorded in the 200 to
700 nm wavelength range. ZnPc-PP H under red laser irradia-
tion and the transmittance of red laser at different concentra-
tions of ZnPc in the developed hydrogel of (i) 0.071 wt/vol%, (ii)
0.14 wt/vol%, (iii) 0.21 wt/vol%, (iv) 0.28 wt/vol%, and (v) 0.35
wt/vol% are illustrated in Fig. 2(a). This figure indicates that
typically 5 mg of ZnPc-PP H would be effective for laser light-
induced anticancer therapy. Further validation was done by
measuring transmittance at different concentrations of ZnPc in
the hydrogel. The results showed that 5 mg concentration of
ZnPc in the hydrogel exhibited 90% of transmittance compared
to 10, 15, 20, and 25 mg ZnPc (Fig. 2(b)).

PEGMA N\

PAA ==

70 °C
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znPc @

3 PEGMA-PAA
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'ﬂr’ “
/
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Scheme 3 Schematic illustration of fabrication of a pH-responsive com-
binatorial chemo—phototherapeutic hydrogel.
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Fig. 2 (a) Pictorial representation of ZnPc-PP H; red laser transmitted at
different concentrations of ZnPc in the developed hydrogel: (i) 0.071 wt/
vol%, (i) 0.14 wt/vol%, (iii) 0.21 wt/vol%, (iv) 0.28 wt/vol%, and (v) 0.35 wt/
vol% facilitating its anticancer activity. (b) Transmittance analysis of differ-
ent weight% of hydrogels. (c) UV-Vis spectrum of ZnPc-PP H; the inset
image represents (i) before reaction (0.071 wt/vol%) and (ii) after reaction
(0.071 wt/vol%). (d) FTIR spectra of ZnPc-PP H, PEGMA, PAA, and ZnPc.
(e) and (f) Scanning electron microscopy (SEM) images of ZnPc-PP H at a
scale of 50 pm, 20 um, and 10 pm (inset: the image of ZnPc-PP H).

Additionally, the UV-Vis absorption spectrum of ZnPc-PP H
revealed the characteristic absorption peaks of ZnPc at
~650 nm, PEGMA at ~260 nm, and PAA at ~340 nm.
Furthermore, the formation of ZnPc-PP H was confirmed via
a peak attributed to hydrogen bond and co-ordination interac-
tions between PEGMA and PAA (Fig. 2(c)).>® Next, FTIR spectro-
scopy was employed to characterize ZnPC-PP H as shown in
Fig. 2(d). The absorption peak at 700-500 cm™" indicated the
co-ordination of zinc with the oxygen atom present in the
hydrogel. Also, a broad and slightly shifted absorption peak
was observed at 1200-1000 cm ™' which confirms the hydrogen
bond formation between the hydrogel and ZnPc. Additionally,
the FTIR spectra of PEGMA and PAA were obtained, in which an
ester (-C—0) stretching peak was observed at 1750-1600 cm ™ *
attributing to PEGMA. An acid (-C—0O0) stretching peak at 1700-
1650 cm™ ' and a stretching peak at 3400-3000 cm ™' were
observed and were attributed to the -OH functional group
present in PAA. The reduction of -OH peak intensity was
observed which confirms the hydrogen bonding of ZnPc with
the hydrogel (Fig. 2(d)).

Furthermore, energy-dispersive X-ray spectroscopy (EDS)
analysis confirmed the presence of the carbon, oxygen, and
zinc elements (Fig. S8, ESIY). The presence of Zn, C, and O
elements in the hydrogel indicates the presence of ZnPC,
PEGMA, and PAA, respectively. The diffraction peaks positioned
at 19°, 23.8° 26.3°, and 28.5° in the XRD pattern may be
attributed to the crystalline plane of ZnPc-PP H (Fig. S9, ESIY).
The diffraction peaks of PEGMA at 23.3° and ZnPc (23.8°)
indicate that the hydrogen and coordination interactions of
ZnPc with PEGMA and PAA might decline due to the crystal-
linity of ZnPc-PP H. The peaks observed at 6.2°, 9.3°, 10.5°,
12.7°, 14.1°, 15.3°, 18.2°, 18.8°, 23.8°, 26.3°, 28.5°, and 30.5°
confirmed the presence of ZnPc in the hydrogel.>® Further-
more, a peak with a 20 value of 18.5 indicated the decline in
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crystallinity due to the grafting of polyacrylic acid onto the
PEGMA chain.”®*° Moreover, the porous network structure of
ZnPc-PP H (~200 nm) was investigated using scanning elec-
tron microscopy (SEM) analysis (Fig. 2(e) and (f)). The 3D
porous network could contribute to the fast adsorption of
drugs, which is suitable for the pH-responsive slow and sus-
tained release of drugs from the hydrogel.

Development of chemo-phototherapeutic drug-loaded
hydrogels and their characterization

To develop combinatorial chemo-photo therapeutic hydrogels
for cancer treatment, we have synthesized DOX@CDs incorpo-
rated ZnPc-PP H for efficient tumor treatment, which is a
promising candidate for further clinical applications.*®

To achieve the pH-triggered sustained release of a chemo-
photodynamic therapeutic drug in breast cancer cells,
DOX®@CDs-loaded ZnPc-PP H was developed using a physical
absorption approach, as displayed in Scheme 4. DOX@CDs
incorporated ZnPc-PP H for dual drug delivery was fabricated in
one step. To proceed, DOX@CDs-ZnPc-PP H was constructed
through the n-m stacking®® of the aromatic rings of DOX and
ZnPc, respectively, present in DOX@CDs and ZnPc-PP H, as
depicted in Scheme 4. Briefly, a combinatorial chemo and
phototherapeutic hydrogel was constructed. In this, DOX@CDs
was made to absorb by the photoresponsive ZnPc-PP H drug at
25 °C for 8 h.

Subsequently, the final combinatorial drug was analyzed by
UV-Vis and FTIR spectroscopy as shown in Fig. 3(a) and (b). To
integrate DOX conjugated CDs (DOX@CDs) inside ZnPc-PP H,

» 5
rI_om No:éo 05,0, =
] . ,\)OLH oo i i}g 3
i { :
v ’m’\[:ro.‘. oo

DOX@CDs

_ Absorption

Scheme 4 Construction of final chemo—phototherapeutic drug-loaded
hydrogels; absorption of DOX@CDs with ZnPc-PP H.
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Fig. 3 (a) UV-Vis spectrum of DOX@CDs-ZnPc-PP H. (b) FTIR spectrum
of DOX@CDs-ZnPc-PP H. (c) TEM image of DOX@CDs-ZnPc-PP H at a
scale of 20 nm. (d) Zeta potential values of DOX@CDs, ZnPc-PP H, and
DOX@CDs-ZnPc-PP H. (e) and (f) Rheological measurements of the
storage modulus G’ and loss modulus G” of ZnPc-PP H and DOX@CDs—
ZnPc-PP H.

lyophilized ZnPc-PP H was incubated with the solutions of
DOX®@CDs until they were completely absorbed by the hydro-
gel. Furthermore, the UV-Vis absorption spectra of DOX@CDs
in ZnPc-PP H in phosphate-buffered saline (PBS) revealed peaks
at 260 nm and 340 nm corresponding to PEGMA and CDs,
respectively. Next, the two peaks at 490 nm and 650 nm
correspond to DOX and ZnPc (Fig. 3(a)). Since ZnPc has an
excitation wavelength of 650 nm, herein a red laser was used for
photodynamic treatment applications.>® Subsequently, FTIR
spectroscopy was employed for the characterization of
DOX@CDs-ZnPC-PP H as shown in Fig. 3(b). DOX@CDs-
ZnPc-PP H was fabricated through the n-m stacking of the
aromatic rings of DOX and ZnPc, respectively, present in
DOX®@CDs and ZnPc-PP H. The final formation of the combi-
natorial hydrogel (DOX@CDs-ZnPc-PP H) was confirmed from
the characteristic peaks present in the FTIR spectra. Subse-
quently, no significant changes were observed in the character-
istic peak in the fingerprint print region of the final
formulation (DOX@CDs-ZnPcPP H). Notably, the characteristic
absorption peaks of DOX@CDs and ZnPC-PP H were retained
for the combinatorial hydrogel (Fig. 3(b)).®> To ensure that the
porous structure of ZnPc-PP H was retained upon internaliza-
tion of DOX@CDs, HR-TEM analysis was performed. It was
noticed that DOX@CDs was entirely internalized in ZnPc-PP H,
and the size of DOX@CDs was found to be ~12 nm (Fig. 3(c)).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The absorption of DOX@CDs in the developed hydrogels
altered the surface charge (Fig. 3(d)). The resultant surface
charge of DOX@CDs-ZnPc-PP H was measured at —14 mV,
while the individual surface charges of ZnPc-PP H and
DOX®@CDs were measured at —5 mV and —9.03 mV, respec-
tively. The swelling percentage of the prepared ZnPc-PP H was
90 wt% (Fig. S7, ESIt). Moreover, the pore size and volume of
the hydrogel were studied through N, adsorption-desorption
isotherms obtained using the multipoint BET technique. The
hydrogel showed a multimodal distribution of pores centered
at 2.456 nm. Incorporating drugs into the hydrogels strongly
led to a decreased pore size of 1.230 nm in agreement with BET
data (Fig. S10, ESIY).

Rheological measurements of the chemo-phototherapeutic
drug-loaded hydrogels

To better understand the morphology of the developed hydro-
gel to be a preferable drug carrier, rheological measurements
were performed. Moreover, rheology influences storage and
loss moduli, viscosity, and flow properties of hydrogels, all of
which are important factors to be considered for the use of
hydrogels in drug delivery.*® Viscosity is a key indicator of a
material’s ability to resist deformation when stress is imposed
on it, as well as the potential of a hydrogel to adjust to
alterations in shear stress whether it is used in situ or
ex situ.®® The storage modulus (G') and loss modulus (G") of
hydrogels give adequate information about changes in their
elastic and viscous properties in response to oscillatory shear,
respectively.’’ These values are essential for studying the
behaviour of hydrogels, which is pivotal for delivery of of
chemo-phototherapeutic drugs at cancer sites.*®

The relative elastic and viscous characterization of hydrogels
under continuous shear strain has been carried out to deter-
mine the linear viscoelastic region in the hydrogel.®* Higher
strain causes the microstructural network of the hydrogel to be
disrupted, which causes the stress response to become
nonlinear.”” When DOX@CDs-ZnPc-PP H was subjected to
shear strain, it was observed that its y. was higher than that
of ZnPc-PP H, implying that the mechanical strength of the
hydrogel has improved (Fig. 3(e) and (f)). This higher 7. of
DOX@CDs-ZnPc-PP H resulted from the increase in mechan-
ical strength of ZnPc-PP H caused by the absorption of
DOX@CDs, as shown in the TEM image (Fig. 3(c)). Reported
literature also claimed that the introduction of nanoparticles
increased the mechanical strength of a hydrogel which is in
accordance with our present study.®® Furthermore, the contin-
uous flow study results in Fig. S11a and b (ESIt) show that as
the shear rate increases, the viscosity of ZnPc-PP H decreases.
Meanwhile, DOX@CDs acts as an absorbing agent through the
n-n stacking of the aromatic ring between DOX and ZnPc,
respectively. Additionally, the presence of DOX@CDs and
ZnPc-PP H leads to a more powerful interaction, resulting in
a stable hydrogel (Fig. S11a and b, ESIt). The viscosity of both
hydrogels was observed to decrease as the shear rate increased,
implying that these hydrogels possessed significant shear-
thinning capabilities, which enabled them to control the
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release of therapeutic drugs from them. Fig. S12a and b (ESI¥)
also show that Zn-PcPP H and DOX@CDs-ZnPc-PP H have
larger G’ than G”, signifying that they are shear-thinning
hydrogel materials.

The viscoelastic behavior of the hydrogel was monitored to
instantly observe an alteration in the storage modulus (G')
values obtained from the strain/amplitude sweep test of the
hydrogel (Fig. S12a and b, ESIt). For around 6000 s at 37 °C,
frequency-sweep measurements were performed on the devel-
oped hydrogels. For all hydrogels, it was found that the values
of G’ increase as time increases. Variable angular frequency
shear in the range of 0.1-100 rad s~ ' was applied to the
hydrogels at a constant amplitude (1%) in the frequency sweep
test. It was observed that the hydrogels exhibited mechanical
robustness across all the tested frequency ranges (Fig. S12a and
b, ESIt). The higher value of G’ than G” indicates the elastic
nature.’® The hydrogel showed higher values of G’ (1311 Pa),
which limits its ability to move the chains across the hydrogel
matrix. G’ values obtained from the frequency sweep test
showed a similar trend to those obtained from the amplitude
sweep test. Additionally, G’ and G” values of ZnPc-PP H indicate
that high-frequency shear forces have disrupted the loose,
impermanent ZnPc-PP H network created by either the car-
boxylic group or the ester group present gradually, demonstrat-
ing its propensity towards becoming a liquid, Fig. 3(e). Further,
the incorporation of DOX®@CDs into ZnPc-PP H significantly
improves the mechanical strength of the hydrogel structure
through the n-r stacking®" of the aromatic ring present in the
hydrogel (DOX@CDs-ZnPc-PP H) as evidenced by the increase
in the LVE region depicted Fig. 3(f). As a result, it is ascertained
that ZnPc-PP H and DOX-loaded CDs-ZnPc-PP H are viable
solutions for achieving pH-responsive and light-induced cancer
treatment. This phenomenon implies that the rheological
properties of the prepared hydrogel point to its ease of use as
a drug carrier to the cancer sites.

Study of pH responsiveness and stability behavior of the
chemo-phototherapeutic drug-loaded hydrogels

The pH-responsive hydrogels hold considerable promise as
stimuli-responsive controlled drug delivery vehicles. These
hydrogels were evenly segmented into two parts of equal weight
and exposed to solutions of acidic and neutral pHs of 5.5 and
7.4 to monitor their pH-triggered behavior. The weight of each
of the resulting solutions was then measured at various time
intervals (Fig. S13, ESIT). The weight of the hydrogel increased
to around 320 mg and remained stable for 20 h in a 7.4 pH PBS
buffer. Nevertheless, the weight of ZnPc-PP H maintained at pH
5.5 increased from 220 mg to 280 mg and 340 mg, respectively,
then decreased gradually after 20 h.

Furthermore, it was observed that the hydrogels completely
disintegrated within 24-72 h as illustrated in Fig. 4(a). This can
be attributed to breaking of the H-bonds in the hydrogel at an
acidic pH, which ultimately causes the hydrogel to degrade
under low pH (5.5) conditions. The drug-incorporated hydro-
gels, however, exhibited high stability under neutral pH condi-
tions. In conclusion, the developed hydrogel could be used as a
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Fig. 4 (a) Schematic illustration of the drug release profile of the combi-
natorial chemo photo hydrogel (DOX@CDsZnPC-PP H). (b) In vitro cumu-
lative release curves of DOX and ZnPc of DOX@CDsZnPC-PP H at pH 7.4
and 5.5.

pH-triggered release material for both therapeutics upon
administration under acidic environmental conditions. Follow-
ing this, a pH-stimuli response study of pH-subjected
DOX@CDs-ZnPc-PP H was carried out using SEM (Fig. S14,
ESIT). While the pores of the hydrogel were observed to be
intact at neutral pH 7, acidic pH disrupted the structure of the
hydrogels. The in vitro drug release profile was studied using
pH-triggered drug release to evaluate the pH responsiveness of
the developed hydrogel. Hydrogel development is mainly sig-
nificant for prolonged nanocarrier-drug release increasing the
efficiency of administration and effectiveness of therapeutic
drugs delivered to the cancer sites. The benefits of nanocarrier-
hydrogel composite materials in drug administration have been
demonstrated to be combating the adverse side effects of drugs
that, when supplied intravenously, can accumulate in healthy
tissues.®® In this context, our designed drug delivery system was
based on the pH-triggered drug release from the hydrogel
system. The drug release experiments of DOX@CDs-ZnPC-PP
H were carried out at 37 °C and at pHs 7.4 and 5.5. The drug
release experiments revealed that DOX@CDs-ZnPC-PP H exhib-
ited strong pH sensitivity (Fig. 4(b)). The cumulative release of
DOX at pH 5.5 reached 58.35% within 24 h and 73.07% and
80.43% within 48 h and 72 h, respectively. While the cumula-
tive release of DOX at 24 h, 48 h, and 72 h was 21.62, 23.32, and
26.48%, respectively, in PBS buffer at pH 7.4 (Fig. 4(a) and (b)).

Similarly, the release of ZnPc for 24, 48, and 72 h was found
to be 38.62, 59.13, and 63.89%, respectively, at pH 5.5, while it
was 5.8, 7.3, and 8.0% for 24, 48, and 72 h, respectively, in PBS
at pH 7.4 (Fig. 4(b)). Various cumulative release curves demon-
strated that under physiological conditions, DOX and ZnPc
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would not result in premature leakage. Drug release increases
when the acidic environment prevails in the microenvironment
of the tumor cell, and DOX release under acidic conditions is
increased from 24 to 72 h compared to ZnPc. At the same time,
prolonged incubation of the hydrogel under acidic conditions
causes the disintegration of bonds, as revealed in SEM images
(Fig. S14, ESIf). It should be noted that, the hydrogel is
developed via optimization in such a way that it only gets
triggered by a pH change making it a pH-responsive hydrogel.
Furthermore, the hydrogel remains intact upon light exposure
and does not release the probes until pH is regulated. To
validate this, we monitored the in vitro release of DOX and
ZnPc under 650 nm laser irradiation for 60 min. The light
intensity was adjusted to 50 mW with a five-minute exposure
time (“ON”), followed by another five-minute exposure time
(““OFF”). The absorption spectra of ZnPc at 650 nm and DOX at
480 nm depicted no significant change under red laser irradia-
tion (Fig. S15, ESIT). As shown in Fig. S15 (ESIt), ZnPc and DOX
were not released under laser irradiation (650 nm) up to 60
min. However, the pH responsiveness of the hydrogel at acidic
pH (5.5) increases, and the release of DOX and ZnPc from the
hydrogel, demonstrating that the concentration of DOX and
ZnPc increases considerably at acidic pH (Fig. 4(b)), compared
to the unaltered concentration when irradiated (Fig. S15, ESIf).
A similar finding has also been reported in the literature, where
BTZ (bortezomib) was used for drug therapy, however ICG
(indocyanine green) wrapped in supramolecular hydrogels
was more light stable than free ICG for photodynamic
therapy.®® Hence, the developed therapeutic hydrogel releasing
DOX and ZnPc at acidic pH makes it a pH-responsive hydrogel.
Thus, it can be concluded that the final drug delivery system
DOX@CDs loaded ZnPC-PP H performed pH-sensitivity-
triggered drug release efficiently, which avoids the cytotoxicity
towards the normal cells.

Photophysical characterization of the chemo-phototherapeutic
drug-loaded hydrogels

Singlet oxygen ('0,) generation has been found to be a sig-
nificant factor in estimating the effectiveness of molecules
towards PDT.>” Accordingly, exploring the 'O, production
ability of DOX@CDs-ZnPc-PP H seemed vital. Hence, 1,3-
diphenylisobenzofuran (DPBF) that could react with 'O,, was
used as a detection probe, and the changes in the DPBF
absorption curve were directly proportional to the singlet oxy-
gen (0,) generation yield (#,).®” Next, the cytotoxic oxidative
stress tissue’s oxygen facilitates the degradation of the cell
membrane of the treated cells.®® The phototherapeutic effi-
ciency of the developed chemo-phototherapeutic (DOX@CDs-
ZnPc-PP H) hydrogel was therefore evaluated directly with the
singlet oxygen quantum yield (SOQY, @,). The results were
compared using zinc phthalocyanine (ZnPc) as the standard
photosensitizer.”® The absorption profile of DPBF in the
presence of reactive oxygen species was obtained. To accom-
plish this, solutions containing only CDs, DOX@CDs, ZnPc-PP
H, and DOX@CDs-ZnPc-PP H, as well as DPBF (blank) and
ZnPc (standard drug) were exposed to a red laser (650 nm,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Graphical illustration of absorption spectra of the DPBF degra-
dation profile treated with DOX@CDs-ZnPc-PP H. (b) Graph displaying the
absorption of DPBF solution at 417 nm treated with various probes (CDs,
DOX@CDs, only DOX, ZnPc-PP H, and DOX@CDs—-ZnPc-PP H, ZnPc)
when exposed to 50 mW laser light at different time intervals (0-50 s).

50 mW) for 120 s. The red laser was employed because
the excitation wavelength of ZnPc is 650 nm.*' The DPBF
degradation profile facilitates the quantitative analysis of sing-
let oxygen generation. Subsequently, the reaction product 1,2-
dibenzoylbenzene ensures that it does not absorb visible
light.*® Due to the simplicity of reducing the absorption of
DPBF, the 'O, generated by DPBF follows the type II photo
mechanism. Fig. 5(a) and (b) show that DOX@CDs-ZnPc-PP H
has a significant DPBF absorption decay value (®,, 0.81) when
compared with different samples, including ZnPc-PP H (P,
0.66) (Fig. 5(b) and Table S3, ESIt). Therefore, ZnPc (P4, 0.98)
was used as the standard drug.** Compared to other probes,
including ZnPc alone, ZnPc from the hydrogel induced the
generation of ROS with delayed and prolonged release of the
phototherapeutic drug (Fig. 5(a)). This confirms that the release
through the hydrogel is regulated by diffusion, which might
play a vital role in the degradation of the DPBF in the presence
of singlet oxygen produced from the photosensitizer.*! Hence,
DOX®@CDs-ZnPc-PP H is a valid candidate for PDT.

Laser assisted in vitro anticancer efficacy of the chemo-
phototherapeutic hydrogel

Chemotherapeutic drugs (DOX) and phototherapeutic drugs
(ZnPc) have been extensively used for chemical and laser
light-based therapies.*' Recently, combinatorial therapy, which
combines two or more therapeutic drugs, has emerged as a
cornerstone of cancer treatment. Owing to its synergistic
effects, combinatorial therapy using anticancer drugs shows
improved efficacy compared to single-drug therapy.’® Although
combination therapy has shown promising clinical outcomes
for the therapy of cancer, this approach is affected by severe
systemic adverse drug effects. Therefore, a combinatorial
chemo-phototherapeutic hydrogel was fabricated in this study
to allow the release of the chemotherapeutic drug doxorubicin
(DOX) and phototherapeutic drug ZnPc with controlled release
in an acidic environment (Fig. 6(a)). The pH-degradable amide
group in DOX@CDs-ZnPc-PP H released the therapeutic drugs
in the acidic environment of the breast cancer cells (Fig. 6(b)).
The released DOX and ZnPc (which generate ROS in response to
red laser) thereby trigger a response to directly kill breast
cancer cells.

The present study examined the combinatorial effect
of the chemotherapy and phototherapy using DOX@CDs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram of in vitro drug releases of DOX and ZnPc
from the chemo phototherapeutic hydrogel (DOX@CDs—-ZnPc-PP H)
under acidic pH. (b) Schematic illustration of pH-responsive drug release
and laser-triggered reactive oxygen species generation by the combina-
torial chemo—photo therapeutic hydrogel in the breast cancer cell sites. (c)
and (d) In vitro cell viability of only MCF-7 cells incubated with free CDs,
DOX, DOX@CDs, ZnPc, ZnPcPP H, DOX@CDs—-ZnPcPP H under the dark
and laser conditions (650 nm, 50 mW cm™2, 5 min). Error bars mean + SD
(n = 6). (e) ROS generation studies of untreated MCF-7 cells and treated
MCF-7 cells with various samples (lex/Aem = 485/528 nm). (f) In vitro
hemocompatibility test for the evaluation of compatibility of DOX@CDs—
ZnPcPP H; the hemolysis ratio of free CDs, DOX, DOX@CDs, ZnPc, ZnPcPP
H, DOX@CDs-ZnPcPP H under the dark and laser conditions. Mean + SD,
n=3

incorporated DOX@CDs-ZnPc-PP H. Firstly, the effect of a
red laser light intensity (650 nm) on the viability of MCF-7
cells was optimized in the range of 25-100 mW (Fig. S15 and
Table S4, ESIT). The cell viabilities obtained upon exposure to
50 mW red laser and those of unexposed control cells (grown in
the dark) were 96 and 99%, respectively. This indicates that the
exposure to red laser is not toxic to the cell lines as the cell
integrity is maintained. Furthermore, the therapeutic efficacy
of the combinatorial chemo-phototherapeutic drugs was
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Table 1 In vitro cytotoxicity ICsq of DOX, CDs, ZnPc, DOX@CDs,
ZnPc-PP H, and DOX@CDs-ZnPcPP H for MCF-7

ICs0 (g mL™")

Dark Light Fold of
S. no. Probes treatment treatment reduction
1. DOX 10.65 = 0.10 10.26 & 0.22 1.03
2. CDs 20.96 = 0.20 16.60 &= 0.20 1.26
3. ZnPc 12.90 £ 0.20 3.17 + 0.10 4.06
4. DOX@CDs 8.90 £ 0.20 7.89 £+ 0.11 1.12
5. ZnPcPP H 11.20 £ 0.20 3.82 £ 0.14 2.94
6. DOX@CDs-ZnPc-PPH 3.65 +£ 0.10 1.06 &+ 0.18 3.44

investigated using DOX@CDs-ZnPc-PP H, and the results are
illustrated in Table 1 and Fig. 6(c), (d). After administration of
chemo and phototherapeutic drugs, and irradiation with red
laser at 650 nm (50 mW), cells treated with or without CDs
remained highly viable.

The ICs, values of only DOX and ZnPc for the dark treatment
were 10.65 and 12.90 pg mL ™, and those for the laser treatment
were found to be 10.26 and 3.17 ug mL ™, respectively. Notably,
the chemo-photo therapeutic hydrogel (DOX@CDs-ZnPc-PP
H), wherein the combinatorial drugs are loaded, exhibited an
ICs, value of 3.65 pg mL~ " under dark conditions, showing its
anticancer potential. However, DOX@CDs-ZnPc-PP H dis-
played a significant reduction in the cell viability (ICso:
1.06 ug mL ") upon laser exposure. The treatment under laser
irradiation using the chemo-photo therapeutic hydrogel
achieved a significant fold reduction (3.44-fold), compared to
dark, contributing to the synergistic anticancer effect. Notably,
this therapeutic potential of dual drugs can be attributed to
various plausible reasons. Firstly, the acidic environment of the
MCF-7 cells triggers the release of DOX and ZnPc from the
hydrogel. Secondly, DOX, a chemotherapeutic drug, displayed
efficient and sustained anticancer ability. Thirdly, the red laser-
responsive ZnPc-mediated generation of ROS in the vicinity of
cancer cells can also be attributed to the therapeutic effect of
the released drugs. Next, combinational use of drugs is a
common strategy nowadays. The benefits of combinational
use of drugs include synergistic effects, low toxicity, dosage
reduction, and reduced drug resistance.’” As a result, PDT in
combination with chemotherapy has aroused enormous inter-
est in cancer therapy. Also, the combination of PDT and
chemotherapy can improve the therapeutic efficacy of low-
dose chemotherapy and thereby reduce the side effects and
drug resistance.’” To provide more quantifiable information on
the dual chemo and photo-therapeutic effect, the combination
index (CI) was calculated using the concentration-dependent
survival curves. Briefly, in combination therapy, the CI values
could be more than 1, equal to 1, or lower than 1 to indicate
antagonism, additivity, or synergism, respectively. In the pre-
sent study, the CI < 1 (the CI value of dark treatment was 0.83
and the CI value of light treatment was found to be 0.84)
suggested the synergistic cytotoxic effect owing to the PDT
activity of ZnPc and the chemotherapeutic action of DOX at
ICs, drug concentrations. The obtained value of CI < 1
suggested the synergistic cytotoxic effect exhibited by the
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combined ZnPc-mediated PDT and DOX-mediated chemother-
apy against the MCF-7 cells. Consequently, the findings above
demonstrate that DOX@CDs-ZnPc-PP H with a combinatorial
dose of chemo-phototherapy drugs elicits anticancer efficacy
after a single treatment.

Intracellular ROS generation using the chemo-
phototherapeutic hydrogel

Encouraged by the anticancer efficacy of the developed combi-
natorial chemo-phototherapeutic hydrogel, subsequently, we
investigated its intracellular ROS generation ability. For this,
the cell-based studies were carried out by treating the MCF-7
cells for 24 h with DOX@CDs-ZnPc-PP H under dark and light
conditions and the results obtained were compared with those
obtained using other probes (CDs, ZnPc, DOX, DOX@CDs, and
ZnPc-PP H). Furthermore, the treated cells were incubated with
DCF-DA (2,7-dichlorodihydro fluorescein diacetate) for 1 h,
successively.”® As the non-fluorescent DCFH is oxidized to
green fluorescent 2,7-dichlorofluorescein (DCF) in the presence
of ROS, the ROS generation was confirmed. Therefore,
increased green fluorescence suggests a higher level of ROS
production.” When treated with chemo-phototherapeutic
hydrogel (DOX@CDs-ZnPc-PP H) only under dark conditions,
the cells represent a state with low ROS levels (Fig. 6(e)). After
exposure to red laser, the cells manifest the highest level of
ROS, 4.5 times higher compared to dark treatment [***p <
0.0001 (Fig. 6(e))]. However, the fluorescence intensity
increased when treated with only ZnPc (4.0 times) and ZnPc-
PP H (3.9 times), in contrast to laser and dark treatment.
However, a negligible amount of ROS production was observed
for only CDs and only DOX and DOX®@CDs. Since the above
probes are not laser responsive, they result very low levels of
ROS production. Laser light responsiveness of the intracellular
chemo-phototherapeutic hydrogel elevates the ROS level within
the cells. Hence, the foregoing data show that after a single
treatment, DOX@CDs-ZnPc-PP H with chemo-phototherapeu-
tic drugs elicits anticancer effectiveness.

Hemocompatibility assay of the chemo-phototherapeutic
hydrogel

The potential toxicity concerns of combinatorial chemo-photo-
therapeutic hydrogels have recently drawn attention due to the
advancement of combinatorial-based treatment. In this con-
text, it is imperative to investigate the effects of DOX@CDs-
ZnPc-PP H (chemo-phototherapeutic hydrogel) toxicity on
blood, in particular erythrocytes as shown in Fig. 6(f). Hemo-
compatibility of the respective chemo-phototherapeutic hydro-
gel was investigated by measuring the possible hemolysis
percentage when exposed to RBCs, as the chemo-photothera-
peutic hydrogel is associated with membrane damage and cell
arrest.”> The hemolysis assay results demonstrate that the
chemo-photo combinatorial hydrogel at 3.65 pg mL™*
displayed 3% hemolysis under dark conditions and at
1.06 pg mL " exhibited ~ 5% hemolysis under laser conditions,
which is within the biocompatible range according to ISO/TR
7406, which is the critical safe biomaterial hemolytic ratio

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(5%).”> The current hemolysis assay results revealed blood
biocompatibility. The present studies show that DOX@CDs-
ZnPc-PP H is biocompatible to erythrocytes, which is contrary
to only DOX (~55% hemolysis) and only ZnPc (~60% hemo-
lysis) chemo and photo drugs, respectively. pH-responsive
interaction with the RBC membrane (blood pH is 7.4) shows
that chemo-photo hydrogel (DOX@CDs-ZnPc-PP H) was intact
and there was no release of drugs in the RBC vicinity. However,
studies reported that erythrocytes presented significant lysis on
incubation with free drugs i.e., DOX and ZnPc, respectively.”>”*
The release of DOX and ZnPc from the hydrogel was induced by
acidic pH (5.5) leading to chemotherapeutic and ROS-promoted
photodegradation of MCF-7 cells. Though the RBC pH is 7.4
resulting in the intactness of the hydrogel, the hemolytic
activity of DOX@CDs-ZnPc-PP H is not observed showing that
it is a biocompatible material. This result manifests that the
DOX®@CDs-ZnPc-PP H only interacted with MCF-7 cells under
acidic conditions, thus combinatorial chemo-phototherapy for
breast cancer cells is achieved.

Experimental section
Preparation of carbon dots and doxorubicin-conjugated CDs

A mixture of lignin and folic acid was hydrothermally treated to
prepare carbon dots (CDs). In brief, lignin (30 mg) and folic
acid (15 mg) in a 2:1 ratio were mixed in 5 mL ethanol. After
that, the mixture was placed into a 30 mL stainless steel
autoclave reactor and stirred at 150 rpm for 10 min. The
mixture containing vessel was then placed in an oven set at
160 °C, where it was kept for 8 h till reaction completion. It was
then allowed to cool to room temperature. Next, to collect
the supernatant, the obtained products were centrifuged at
12000 rpm for 10 min. The supernatant was then re-
dispersed in 25 mL of deionized water and subjected to
filtration using a nylon-66 membrane syringe filter to obtain
homogenous CDs. Later, the CDs were freeze-dried for further
conjugation of the anticancer model drug DOX. For this, folic
acid-based carbon dots were activated through a EDC/NHS
coupling reaction. The solutions of EDC (80 pL, 5 mg mL ™)
were added to the carbon dot (CD) solution (10 mg mL ") and
the resulting solution was kept for shaking at 150 rpm for
10 min under the dark conditions to activate the acid groups.
Then, NHS (80 pL, 5 mg mL ') was added to form a
highly activated NHS ester, and the reaction mixture was
kept on shaking (150 rpm) for 10 min at 37 °C. Subsequently,
DOX (1 mg mL ™" in water) was added to the reaction mixture
and continuously shaken at 37 °C for 24 h. After completion of
the reaction, the solution was subjected to centrifugation at
16000 rpm for 30 min to pelletize the DOX@CDs conjugate.
The pellet was resuspended into water (1 mL) and further
centrifuged under the same conditions as above to remove
unreacted DOX and CDs. The obtained DOX@CDs samples
were stored at 4 °C in the dark. Furthermore, the loading
percentage of model anticancer drug DOX with CDs in the
present drug delivery system was estimated. For this, the
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supernatant was collected to estimate the drug loading percentage
of DOX using a UPLC system. The DOX was eluted isocratically at a
1 mL min~" flow rate using acetonitrile : water (30: 70) as the eluent
and detected using a Waters 2998 PDA detector in the wavelength
range 200-800 nm. Notably, the analysis was carried out at 490 nm,
at 30 °C, using a reported method while applying some changes.” A
calibration curve was plotted using varying concentrations of DOX
solution to determine the amount of DOX loaded onto the CDs.

Total drug added — Drug in the supernatant

Total drug added
x 100 )

Loading % =

Fabrication of ZnPc-PP H

To investigate the pH responsive behavior of the hydrogels,
poly(ethylene glycol)methyl ether methacrylate (PEGMA), poly-
acrylic acid (PAA), and zinc-phthalocyanine (ZnPc) were used to
synthesize hydrogels. Briefly, 5 mg of ZnPc was dissolved in
acetone (500 pL) using bath sonication at room temperature till
a transparent solution was obtained. Subsequently, the result-
ing solution was added over 2 min to a sample of PEGMA (0.3 g)
kept at stirring at 150 rpm. Deionized water (7 mL) was added
to the resulting reaction mixture. Next, a sample of PAA (75 mg)
was added as a cross-linker, followed by the addition of KPS
(75 mg) as an initiator of polymerization. The final reaction
mixture was heated at 70 °C for 1 h. The reaction mixture was
then cooled to room temperature. Thus, an amphiphilic hydro-
gel was prepared using a chemical cross-linking method.
Furthermore, the unreacted materials were removed from the
hydrogel by immersing it in deionized water overnight. During
washing, no trace of ZnPc was detected in the supernatant as
monitored by UV-vis spectroscopy. Hence, the loading percen-
tage of ZnPc into the hydrogel composite was predicted to be
~100%. Finally, the washed ZnPc-PP H was dried to remove
excess water and to get the constant weight of hydrogels.

Incorporation of DOX@CDs into ZnPc-PP H

Owing to the three-dimensional network structure of ZnPc-PP
H, DOX®@CDs can be readily loaded into it. In brief, the
synthesized hydrogels were cut into cubes with 1 X 1 x 1 cm
dimensions which weighed ~9 mg. The cubes were then
immersed into 20 mL of DOX@CDs solution (1 mg mL™") at
room temperature for 24 hours.

Cell culture. The Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum and 1% antibiotics
(penicillin and streptomycin) was applied for culturing breast
cancer (MCF 7, acquired from NCCS, Pune, India) cells in a
humid atmosphere with 5% CO, at 37 °C.

Cytotoxicity assay of the developed probes. The cytotoxicity
of different probes was evaluated using the MTT assay. First, 5
x 10° MCF7 cells were seeded in 96-well plates. After being
seeded in 96 well plates, each well was added with 100 pL fresh
media containing different concentrations of probes. After
culturing for another 24 h under the dark conditions, the
media were replaced with fresh media. Afterward, for the
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laser-treated group, each well was irradiated with a red laser of
650 nm for 5 min at 50 mW cm > and further incubated
for 24 h. Next, the medium of each well was replaced with
100 pL fresh medium. Then 20 pL freshly prepared MTT solution
was incorporated (5 mg mL ") following a reported method with
few alterations.*® Then after another 4 h of incubation, the media
were removed, and 100 pL DMSO was added to dissolve the
formed formazan crystal. A microplate reader recorded the absor-
bance at 570 nm. The cell viability was examined as the ratio of
sample absorbance to that of the control.

Evaluation of intracellular reactive oxygen species generation

To evaluate the intracellular reactive oxygen species (ROS)
generation, cultured cells (2 x 10° cells per well) were subjected
to treatment with DOX, ZnPc, CDs, DOX@CDs, ZnPcPP H, and
DOX®@CDs-ZnPc-PP H, respectively, for 24 h. In another set of
experiments, following treatment with different probes (DOX,
ZnPc, CDs, DOX@CDs, ZnPc-PP H, and DOX@CDs-ZnPc-PP H),
the cells were irradiated with 650 nm laser at 50 mW c¢cm > for 5
min. Subsequently, the cells were treated with 10 pM DCFH-DA
for 2 h at 37 °C under the dark conditions following a method
reported in the literature with some modifications.*! The
treated MCF 7 cells were then washed with PBS buffer along
with the subsequent addition of the probes in a 96-well dark
plate, and treated cells were subjected to fluorescence measure-
ments at (lex/lem = 485/528 nm).

Hemocompatibility study of DOX@CDs-ZnPc-PP H

The hemolytic activities of DOX@CDs-ZnPc-PP H were mea-
sured using a previously reported method with minor
modifications.”® For this, blood was collected from mice and
1 mL of sodium citrate (3.8% in water) was added, which
inhibits the coagulation of blood. Furthermore, 8 mL of blood
was centrifuged for 5 minutes at 3000 rpm. RBCs were isolated
by decanting supernatant plasma carefully and then washed
with PBS (pH 7.4) to obtain only RBC cells. Furthermore, RBCs
were redispersed in PBS (pH 7.4) to obtain a uniform cell
suspension. Next, different probes, namely, CDs, DOX, ZnPc,
DOX®@CDs, ZnPcPP H, and DOX@CDs-ZnPc-PP H, respectively,
were incubated with RBC cell suspension for 3 h at 37 °C. Only
RBCs with PBS are taken as negative control and 1% Triton w/v
as a hemolytic agent for positive control. Furthermore, the
samples were centrifuged at 3000 rpm for 5 min to collect
RBCs. Then, the supernatant was collected from the respective
samples to measure the oxidized hemoglobin content. The
absorbance of oxyhemoglobin was determined at 540 nm using
a UV-Vis spectrophotometer. The percentage of hemolysis of
RBCs was estimated using the equation below.

(Abssample — Abs negative control)

(Abs positive control — Abs negative control)
x 100 (2)

Hemolysis(%) =

Statistical analysis. A two-way ANOVA was used for the
statistical analysis. In this study, data were reported as mean
=+ SD. The p-values of p < 0.0001, ***p < 0.001, **p < 0.01, and
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*p < 0.05 were considered statistically significant and ns (non-
significant).

Conclusion

In summary, a laser responsive photoarchitectonic hydrogel
capable of releasing chemo and photo therapeutic drugs has
been developed, to achieve synergistic anticancer therapeutic
efficiency. We have reported strategies to develop a unique
carrier that integrates DOX-conjugated lignin-based carbon
dots and a ZnPc photosensitizer for anticancer therapy. First,
we synthesized carbon dots with a size of about 5 nm using
lignin and folic acid as biocompatible materials. Following
that, doxorubicin (a chemotherapeutic drug) was successfully
conjugated into carbon dots with a size of about 12 nm for
obtaining DOX@CDs. Subsequently, a laser-responsive hydro-
gel was developed using zinc phthalocyanine (a photosensiti-
zer), poly(ethylene glycol)methyl ether methacrylate, and PAA.
Next, doxorubicin-conjugated carbon dots were added to ZnPc-
PP H to form a chemo-phototherapeutic hydrogel (DOX@CDs-
ZnPc-PP H). Such a hydrogel triggered the release of chemo and
phototherapeutic drugs in response to acidic pH. Furthermore,
red laser (650 nm) assisted the release of singlet oxygen from
the photosensitizer which acted as a trigger to destroy breast
cancer cells. Overall, pH-responsive and laser light-assisted
drug release led to in vitro cytotoxicity by releasing reactive
oxygen species, thus achieving synergistic chemo-photody-
namic combinatorial therapy. Importantly, DOX@CDs-ZnPc-
PP H, upon stimulation with laser light, generated the highest
level of ROS, ie., 4.5 times higher compared to that of dark
treatment. Next, the final combinatorial chemo-photo thera-
peutic drug exhibited a significant reduction in the cell viability
(~50.13% at ICs¢: 1.06 ug mL ™) in laser treatment compared
to dark (ICso: 3.65 pg mL™"). Hence, the newly developed photo-
architectonic hydrogel system with single treatment to cells has
shown the highest inhibition rate due to the synergistic effect and
hence offers an intriguing concept for successful cancer treatment.
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