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We combined carbon dioxide (CO3)-responsive cytosine-containing rhodamine 6G (Cy-R6G) as a hydrophobic
anticancer agent with hydrogen-bonded cytosine-functionalized polyethylene glycol (Cy-PEG) as a hydrophilic
supramolecular carrier to construct a COo-responsive drug delivery system, with the aim of enhancing the
responsiveness of the system to the tumor microenvironment and thus the overall effectiveness of anticancer
therapy. Due to self-complementary hydrogen bonding interactions between cytosine units, Cy-R6G and Cy-PEG
co-assemble in water to form spherical-like nanogels, with Cy-R6G effectively encapsulated within the nanogels.
The nanogels exhibit several distinctive physical features, such as widely tunable nanogel size and drug loading
capacity for Cy-R6G, intriguing fluorescence properties, high co-assembled structural stability in normal aqueous
environments, enhanced anti-hemolytic characteristics, sensitive dual CO2/pH-responsive behavior, and precise
and easily controllable COy-induced release of Cy-R6G. Cytotoxicity assays clearly indicated that, due to the
presence of cytosine receptors on the surface of cancer cells, Cy-R6G-loaded nanogels exert selective cytotoxicity
against cancer cells in pristine culture medium, but do not affect the viability of normal cells. Surprisingly, in
COy-rich culture medium, Cy-R6G-loaded nanogels exhibit a further significant enhancement in cytotoxicity
against cancer cells, and remain non-cytotoxic to normal cells. More importantly, a series of in vitro experiments
demonstrated that compared to pristine culture medium, COs-rich culture medium promotes more rapid selec-
tive internalization of Cy-R6G-loaded nanogels into cancer cells through cytosine-mediated macropinocytosis
and thus accelerates the induction of apoptosis. Therefore, this newly developed system provides novel avenues
for the development of highly effective CO,-responsive drug delivery systems with potent anticancer capabilities.

1. Introduction

Anti-cancer drugs play a crucial role in the treatment of cancer. The
aim of using these drugs is to efficiently disrupt the uncontrolled growth
of cancer cells, and ultimately inhibit the proliferation and ability of
cancer cells to invade surrounding tissues [1,2]. Despite significant ad-
vancements in cancer research and drug development, anti-cancer drugs
often lead to severe challenges such as toxicity and side effects [3,4].
Thus, many research teams have diligently worked to develop
nano-carriers that stably encapsulate anti-cancer drugs and maximize
therapeutic efficacy by specifically binding to target receptors on cancer
cells, to minimize the adverse effects of chemotherapy in healthy tissues

[5,6]. Among the numerous nano-carrier systems developed for drug
delivery, supramolecular drug delivery systems (SDDs) have garnered
significant interest as promising solutions to overcome the limitations of
conventional chemotherapy [7-9]. In recent years, SDDs have emerged
as potential drug delivery tools due to their ability to achieve precisely
targeted drug release along various release profiles by adapting to
changes in the surrounding environment, such as pH, temperature,
glucose, light, and enzymes [10,11]. The unique physiological stimuli
present in the tumor microenvironment compared to normal tissues
have facilitated the application and effectiveness of SDDs in anticancer
drug delivery [12]. By responding to changes in the tumor environment
or external microenvironmental stimuli, SDDs can effectively achieve
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sustained or controlled intracellular drug release and thereby improve
the overall therapeutic effects of anticancer drugs [12,13]. Therefore,
SDDs are stimuli-responsive smart drug delivery materials that hold
significant potential to achieve safer and more effective treatment
strategies for cancer.

Excessive accumulation of carbon dioxide (CO5) is the primary cause
of tissue acidification in the tumor microenvironment. Compared to
healthy tissues, where CO; levels are below 35 mmHg, a variety of tumor
environments exhibit significantly higher CO, levels, ranging from 60 to
90 mmHg [14,15]. The presence of excess CO5 leads to hypoxia and
acidosis, which in turn contribute to the development of chemo-
resistance in cancer cells and exacerbate the progression of cancer,
making it more difficult to treat the disease. In recent years, some studies
have reported that reducing hypercapnia can mitigate chemoresistance
in cancer cells and enhance therapeutic efficacy [16,17]. However, due
to a lack of biological knowledge and the specific biocharacteristics of
active gases, progress in using CO» as a trigger for drug delivery appli-
cations has been relatively slow [18,19]. However, despite numerous
challenges and the lack of clarity on the related mechanisms, the ad-
vantages of CO5 as an environmental trigger have garnered significant
attention and driven the development of various CO»-sensitive materials
[20,21]. These materials typically contain functional groups that can
react with CO,, such as amidine, guanidine, amine, imidazole, and
carboxyl groups [20,22]. Among their many exciting physical proper-
ties, the reversibility of CO,-sensitive materials is particularly notable,
as the materials can rapidly revert to their original state on bubbling
with inert gases such as nitrogen (N3) or argon [21]. Thus, we boldly
hypothesize that targeting the high levels of CO3 in the tumor micro-
environment using the unique physical properties of CO2-sensitive ma-
terials could provide a route to create COq-responsive SDDs with the
potential to achieve precisely controlled drug release in hypercapnic (or
COa-rich) tumor microenvironments and thereby enhance the safety and
effectiveness of cancer treatment. This strategy may provide a reliable
pathway to overcome numerous obstacles and challenges in drug de-
livery applications, including uncontrolled drug release behavior,
non-selective cellular uptake, and severe adverse toxic effects in healthy
tissues.

Rhodamine 6G (R6G) is a commercially available cationic water-
soluble dye with distinctive fluorescent properties that has been exten-
sively studied and utilized as a luminescent material [23,24]. Due to its
high fluorescence quantum yield and stability, R6G has also been
employed as a bioprobe in biomedical applications [25]. Moreover,
Warner and co-workers successfully demonstrated that various func-
tionalized R6G molecules exhibit cytotoxic activity against breast cancer
cells [23,26]. Notably, these R6G derivatives are internalized by cancer
cells through endocytosis and subsequently selectively induce cancer
cell death, while causing minimal harm to healthy cells. Furthermore,
due to their inherent fluorescent properties, the fluorescence distribu-
tion of R6G and its derivatives within cells can be monitored to confirm
the pathways and mechanisms of cell killing [27]. However, before R6G
can be safely and widely used as an anticancer agent in cancer therapy,
several challenging limitations must be addressed. These limitations
include the propensity of R6G to aggregate in aqueous environments due
to its heterocyclic aromatic ring groups, high instability in biological
environments, and inadequate selective uptake by cancer cells [28,29].
To address these complex issues, based on our previous developments
and foundation in COg-responsive R6G [29] and
nucleobase-functionalized SDDs [30-32], we reasonably speculated that
cytosine molecules with self-complementary hydrogen bonding and
cancer-targeting properties [32] could be conjugated separately to R6G
and hydrophilic polyethylene glycol (PEG) through an appropriate
synthetic approach to produce COs-responsive cytosine-containing R6G
(Cy-R6G) and cytosine-functionalized PEG (Cy-PEG). In addition, based
on our previous findings, the cytosine groups on the supramolecular
nanogel structure exhibit a high affinity for the surface of cancer cells,
thus resulting in a significant enhancement of cancer cell-specific
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uptake, increased cytotoxicity of anticancer drugs, and ultimately
leading to a safer and more effective induction of cancer cell apoptosis
[32]. Subsequently, due to hydrogen bonding interactions between the
cytosine groups in both materials, the combination of Cy-R6G and
Cy-PEG should form multifunctional assembled nanostructures in
aqueous environments, which may confer highly sensitive CO»-triggered
drug release capability and ultimately provide a route to achieve highly
targeted anticancer therapeutic efficacy in the hypercapnic tumor
microenvironment.

In this study, we propose a potential strategy to enhance the efficacy
of cancer treatment by targeting the hypercapnic tumor microenviron-
ment through COz-responsive SDDs. Due to the self-complementary
hydrogen bonding interactions between cytosine groups in both struc-
tures, pH-responsive cytosine-functionalized Cy-PEG as a hydrophilic
nanocarrier and CO»-sensitive cytosine-containing Cy-R6G as a hydro-
phobic anticancer agent can combine to form multifunctional co-
assembled nanogels in aqueous solution (Scheme 1). Therefore, Cy-
PEG can efficiently and stably encapsulate Cy-R6G and the amount of
Cy-R6G encapsulated can be easily regulated based on the Cy-PEG to Cy-
R6G mixing ratio. We demonstrate that the resulting nanogels exhibit
several remarkable and unique physicochemical properties, such as
intriguing emission phenomena, high structural stability in aqueous
solutions, sensitive dual pH/CO, responsiveness, excellent anti-
hemolytic activity, and precise CO,-triggered drug release characteris-
tics. More importantly, a series of in vitro cellular experiments conducted
in COg-containing culture media confirmed that Cy-R6G-loaded Cy-PEG
nanogels undergo significantly enhanced selective internalization into
cancer cells, which is followed by rapid intracellular release of Cy-R6G
that ultimately leads to massive levels of apoptosis within the cancer
cells; however, Cy-R6G-loaded Cy-PEG does not affect normal cells.
Therefore, these innovative SDDs provide valuable insight and establish
a novel developmental framework for drug delivery applications that
holds great potential to enhance the overall safety and efficacy of cancer
treatment.

2. Experimental section

The experimental section in the Supporting Information includes de-
tails of the synthesis procedures, characterizations and analytical in-
struments, and cellular experiments.

3. Results and discussion

The core objective of this study was to establish a COy-responsive
drug delivery system by integrating cytosine groups with targeting
properties [32] into the structures of the carrier and the drug. We pro-
posed that the intermolecular hydrogen bonding interactions and CO;
sensitivity of cytosine moieties would enhance targeted delivery of the
anticancer drug and trigger controlled intracellular drug release within
the hypercapnic tumor microenvironment and thereby improve the
overall safety, reliability, and efficacy of cancer treatment, as illustrated
in Scheme 1. Water-soluble hydrogen-bonded cytosine-terminated
Cy-PEG was obtained at high yield (85 %) through a one-pot Michael
addition reaction between cytosine and PEG diacrylate (average mo-
lecular weight of 2000 g/mol) in the presence of a basic catalyst, as
described in detail previously [30]. The resulting Cy-PEG exhibits high
solubility in water and can spontaneously form self-assembled nanogels
that effectively encapsulate hydrophobic anticancer agents, which may
ultimately achieve stable drug delivery and controlled pH-induced drug
release in the cellular environment [30]. Combination of the
water-soluble cationic fluorescent dye R6G, which possesses ester
reactive groups, with a cytosine derivative produces a
cytosine-functionalized anticancer agent that is a new supramolecular
fluorescent material. Cytosine-functionalized Cy-R6G was obtained
through a facile and efficient two-step synthesis process, as shown in
Scheme la. The primary amine cytosine derivative (Cy-amine) was
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Scheme 1. (a) The two-step synthesis reaction used to prepare Cy-R6G. (b) Illustration of how the water-soluble supramolecular polymer Cy-PEG forms nanogels in
water and encapsulates Cy-R6G through self-complementary hydrogen bonding cytosine interactions, exhibits changes in emission characteristics in response to CO»
bubbling, rapidly releases Cy-R6G in a hypercapnic-like (CO5-rich) cancer cell environment, and demonstrates selective cytotoxicity towards tumor cells. The di-
agram in the orange dashed framework on the right represents the structural transformation of Cy-R6G in response to CO, and N, bubbling.

obtained through a condensation reaction between methyl 3-(4-ami-
no-2-oxopyrimidin-1(2H)-yl)propanoate (Cy-MA) [31] and an excess of
1,3-propanediamine (91 % yield). Subsequently, Cy-R6G was synthe-
sized through a direct amidation reaction between Cy-MA and R6G at
55 °C without using a catalyst. During the amidation process, the aro-
matic amide intermediate undergoes further nucleophilic attack at the
neighboring C9-position of the xanthene conjugation, leading to an
intramolecular cyclization reaction [33,34] that results in the formation
of a spirolactam functional group. Finally, after treatment and purifi-
cation with chloroform and distilled water, pink Cy-R6G powder was
successfully obtained at a yield of 88 %. The structure of Cy-R6G was
confirmed using Fourier-transform infrared spectroscopy (FTIR),
proton-1/carbon-13 nuclear magnetic resonance (1H/13C NMR),
high/low-resolution mass spectrometry, and elemental analysis
(Figs. S1-S6 and Table S1, see supplementary data in the Supporting
Information), which confirmed that the product obtained matched the
expected structure. In addition, thermogravimetric analysis (TGA)
indicated that due to the intermolecular hydrogen bonding interactions
between the cytosine groups, Cy-R6G exhibits substantially higher
thermal resistance with a decomposition temperature (Tgs5 o,) of 297 °C
compared to R6G (Tg45 o, of 238 °C; Fig. S7). This significant enhance-
ment in thermal stability demonstrates that the introduction of cytosine
into the structure of R6G contributes to improve thermal stability, and
further confirmed the successful synthesis of Cy-R6G through this effi-
cient two-step synthetic route. Collectively, due to the presence of the
cytosine groups in both structures, we anticipated that Cy-R6G would
exhibit enhanced compatibility/affinity with Cy-PEG and stably load
into the internal structure of self-assembled Cy-PEG nanogels in aqueous
environments. Moreover, these features may confer cancer-targeting

properties and responsiveness to the COo-rich tumor microenviron-
ment, and thereby effectively enhance the efficacy of chemotherapy
(Scheme 1).

Before assessing the behavior and physical characteristics of Cy-PEG
nanogels encapsulating Cy-R6G, we first focused on the fundamental
physical properties, pH and COy responsiveness, and self-assembly
behavior of Cy-R6G to establish a foundation and basis for subsequent
investigation of Cy-R6G-loaded Cy-PEG nanogels. At 25 °C, Cy-R6G
easily dissolves in various organic solvents (e.g., methanol, tetrahy-
drofuran, and chloroform), but is completely insoluble in aqueous so-
lutions (even after heat treatment), indicating that the cytosine and
spirolactam groups present in the structure of Cy-R6G significantly
affect (or alters) its solubility in aqueous solutions compared to the
highly water-soluble R6G. However, as the pH of the aqueous solution is
gradually adjusted from 7.4 to 3.0, Cy-R6G progressively dissolves and
changes the color of the solution, while the fluorescence intensity under
broad-spectrum UV light gradually increases (as shown in the top and
bottom photos of Fig. 1a). Notably, Cy-R6G completely dissolves at pH
3.0, forming a bright pink aqueous solution, suggesting that strong acid
conditions effectively disrupt the self-complementary hydrogen bonds
between the cytosine groups, and then rapidly react with the cytosine
and spirolactam groups to form protonated cytosine and ring-opened
spirolactam amide units that significantly enhance the solubility of
Cy-R6G in water. Similar trends were observed in the ultra-violet visible
(UV-Vis) and photoluminescence (PL) spectra. As the pH of the aqueous
solution gradually decreased from 7.4 to 3.0, the maximum absorption
peak intensity of Cy-R6G at 527 nm progressively increased (Fig. S8).
Moreover, the intensity of the maximum emission peak increased from
approximately 830 at pH 6.0 to over 8000 at pH 3.0 (under 525 nm



E.A. Bayle et al.

(ay — Water s (b)BOOO- 553 nm — Excitation wavelength = 525 nm| (C) (d)1 0000
a0 ﬁ;u pHS0  pHEO  pH74 under natural light
tﬂ : ‘ i O | > 8000
g 6000 PH3O g
5000 € 6000
§ oo § 4000
% 3000] .74 g
g 20001 S 2000
i 1000 Cr-REG bugaing =

0

Materials Today Bio 29 (2024) 101319

- e
precipitate’"

Wavelength (nm)

500 520 540 560 580 600 620 640

a2s°c
for 100 min|

500 520 540 560 580 600 620 640
Wavelength (nm)

e)1o Size =117 9 nm 0.30 ; = 0.3
( ) 100+ o4~ PDI = 0.37 + 0.25 (f) 529 nm—. N, bubbling (g) -
23 r —1 0.25- - g ::: ' . N, -atter <:oz buhhli.ng for 60 min
—_ i @ 4 410 min i i
£ 704 e st + 15 min 8 4
2 60 8 0.15- +— 30 min 8
% 50! s 5
£ a0 2 010 -
£ o 7 < 0.1
30 1
i 0.05- V \ . b
?g H H -\aﬂer N, bubbling for 15 min
o | B i N E— 0.00 . - 0.01—= . : . : .
0 50 100 150 200 250 300 350 400 450 500 400 450 550 600 650 1 2 3 4 5

Diameter (nm)

Wavelength (nm)

Cycles

Fig. 1. (a) Photographs of Cy-R6G in aqueous solutions at different pH values at 25 °C under natural light (top) and long-wavelength UV light illumination (bottom).
(b) PL spectra of Cy-R6G in aqueous solutions with pH values ranging from 7.4 to 3.0 at 25 °C. (c¢) Photographs of Cy-R6G in aqueous solution at 25 °C after CO,
bubbling under natural light (top) and long-wavelength UV light illumination (bottom). (d) PL spectra of Cy-R6G in aqueous solution obtained over time at 25 °C
after CO, bubbling for 0-100 min. (e) DLS curve of Cy-R6G in aqueous solution after CO, bubbling for 100 min at 25 °C. The inset at the top right shows a SEM image
of Cy-R6G obtained after CO, bubbling treatment at 25 °C. (f) UV-Vis spectra of R6G-loaded Cy-PEG in aqueous solution obtained at 25 °C after different durations of
N bubbling (0-60 min). (g) Absorption intensity values of Cy-R6G in aqueous solution at 25 °C during five cycles of CO,/N; alternate bubbling (established via
UV-Vis spectroscopy). Each cycle lasted 75 min, with CO5 bubbling for 60 min and N, bubbling for 15 min.

excitation wavelength) and its position also red-shifted from 546 nm to
553 nm (Fig. 1b). These phenomena can be attributed to protonation of
the cytosine groups [35] and conversion of the spirolactam moieties
from a non-fluorescent closed form to a fluorescent open form under
acidic conditions [36], which effectively enhances the solubility and
fluorescence properties of Cy-R6G in acidic aqueous environments.
Thus, the presence of cytosine and spirolactam moieties confers Cy-R6G
with unique pH-responsive and solubility/fluorescence-switching
capabilities.

Cy-R6G is highly hydrophobic, which prevents changes in solubility
and fluorescence in a normal physiological aqueous environment.
Cytosine is a pyrimidine derivative that contains a nitrogen-containing
heteroaromatic ring and amine and keto functional groups; its struc-
ture is similar to typical CO»-reactive functional groups (e.g., imidazole,
tertiary amines, amidines, and guanidines) [20]. Therefore, we antici-
pated that CO5 bubbled into an aqueous suspension of Cy-R6G would
react with the cytosine moieties and effectively transform hydrophobic
Cy-R6G into a hydrophilic Cy-R6G with a structure incorporating
ammonium bicarbonate groups, and thereby alter its water solubility
and optical properties [29,37]. To validate this hypothesis, we investi-
gated the effect of CO2 bubbling on the solubility, optical absorption,
and fluorescence properties of Cy-R6G in aqueous solution at 25 °C over
time using digital photography, UV-Vis and PL spectroscopy. Surpris-
ingly, in a 0.01 mg/mL aqueous suspension, Cy-R6G completely dis-
solved after 100 min of CO2 bubbling and exhibited pink and yellow
fluorescence under natural light and broad-spectrum UV light, respec-
tively (Fig. 1c), suggesting that CO. effectively reacted with Cy-R6G to
alter its solubility and emission properties in water. UV-Vis and PL
further confirmed these macroscopic observations; as shown in Figs. S9
and 1d, the intensities of the maximum absorption and emission peaks
(at 529 nm and 553 nm, respectively) of the 0.01 mg/mL Cy-R6G
aqueous solution increased over time during continuous CO3 bubbling

for 100 min, reaching intensities of 0.26 and 9350 at 100 min. These
observations indicate that the majority of the hydrophobic Cy-R6G had
transformed into hydrophilic Cy-R6G containing cytosine combined
with ammonium bicarbonate and an open-ring spirolactam group due to
the COz-induced reaction and the influence of the resulting mildly acidic
environment. Consequently, Cy-R6G became fully soluble in water and
exhibited significantly enhanced fluorescence characteristics. In
contrast, the positions and intensities of the maximum absorption and
emission peaks of pristine water-soluble R6G showed almost no change
after 100 min of CO, bubbling (Fig. S10), clearly revealing that the
cytosine and spirolactam groups crucially endow Cy-R6G with its CO4
responsiveness and fluorescence switching characteristics.
Measurements of pH and zeta potential ({) further validated these
results: the pH and ¢ values of unbubbled Cy-R6G aqueous solution were
7.09 + 0.17 and —11.32 + 2.67 mV, respectively. After 100 min of CO4
bubbling, the pH of Cy-R6G aqueous solution decreased to 4.08 £ 0.13,
while the ¢ increased to 37.89 + 1.87 mV. These results further
confirmed that CO, bubbling induced the formation of charged bicar-
bonate groups in the structure of Cy-R6G, which thereby lowered the pH
of the solution and subsequently transformed the closed-ring spi-
ronolactam group of Cy-R6G into a highly fluorescent open-ring form,
resulting in an acidic, positively charged, homogenous fluorescent so-
lution. Thus, a rapid transient reaction between CO; and the cytosine
and amine moieties in Cy-R6G promotes structural transformation of Cy-
R6G and confers a unique solubility change and fluorescence switching
properties. These intriguing results prompted us to further explore the
self-assembly structure of Cy-R6G in aqueous solution after 100 min of
CO; bubbling using dynamic light scattering (DLS) at 25 °C and scanning
electron microscopy (SEM). As shown in Fig. 1e, DLS indicated that CO»-
treated Cy-R6G in water formed a single distribution of nanoobjects with
an average diameter of 117 + 9 nm. This demonstrates that the CO»-
protonated cytosine and amine ion groups within the structure of Cy-
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R6G (as depicted in the orange dashed frame on the upper right side of
Scheme 1b) mutually repulse the adjacent hydrophobic heteroaromatic
groups, and thus lead to generation of self-assembled nanostructures in
water. SEM (right inset of Fig. 1e) revealed that CO,-treated Cy-R6G
exhibited spherical-like nanostructures with diameters of around
60-100 nm; this value is slightly smaller than the results obtained by
DLS, possibly due to shrinkage of the nanoparticles upon drying [38].
Thus, the DLS and SEM observations clearly indicate that CO, bubbling
can transform hydrophobic Cy-R6G into a water-soluble molecular
structure that can self-assemble into spherical nanostructures. These
results also further demonstrated that Cy-R6G not only possesses COy
responsiveness and undergoes acid-induced structural and fluorescence
transformation behavior, but also exhibits unique self-assembly char-
acteristics in aqueous environments [39].

Owing to its reversible solubility in water, CO,-treated Cy-R6G can
revert to its original hydrophobic state on bubbling the solution with
non-reactive gases (such as Ny or argon) or by increasing the ambient
temperature [39,40]. Therefore, we investigated the rate and extent of
CO, deprotonation of CO,-treated Cy-R6G aqueous solution under Ny
bubbling at 25 °C and at different temperatures through UV-Vis spec-
troscopy. As expected, the maximum absorption peak at 529 nm for
COq-treated Cy-R6G (i.e., the Cy-R6G solution after 100 min of CO5
bubbling) decreased rapidly from approximately 0.25 to 0.04 after
bubbling with Nj for 60 min at 25 °C (Fig. 1f). This indicates that Ng
bubbling not only effectively removes CO; from the Cy-R6G structure,
but also induces a transition from the open-ring amide form to the
closed-ring spirolactam form; thereby, Cy-R6G gradually reverts to its
hydrophobic state, which reduces the intensity of the absorption peak
[33,41]. It is noteworthy that the rate of CO5 removal from Cy-R6G via
Ny bubbling is much faster than the rate of the reaction between Cy-R6G
and CO2, demonstrating that the structure of COs-treated Cy-R6G is
highly sensitive to changes in the surrounding environment and that
COq-treated Cy-R6G is prone to dissociation of Cy-R6G. Similarly, after
60 min of Ny bubbling, the { potential of the CO,-treated Cy-R6G solu-
tion decreased from 37.89 + 1.87 mV to nearly neutral (3.02 + 0.14
mV), once again confirming that Ny bubbling effectively restores
COq-treated Cy-R6G to its original hydrophobic state. Similarly to Ny
bubbling, changing the ambient temperature (4, 25, and 50 °C) altered
the removal of CO, from Cy-R6G. As shown in Fig. S11, the intensity of
the maximum absorption and emission peaks decreased more rapidly
over time at higher temperatures, clearly indicating that elevated tem-
peratures accelerate the release or dissociation of CO; from COs-treated
Cy-R6G, which eventually reverts to its original hydrophobic state.
Furthermore, based on the Ny bubbling data (Fig. 1f), the CO; release
rate not only positively correlates with the ambient temperature, but Ny
bubbling treatment also simultaneously accelerates CO; release. Sub-
sequently, to further understand the reversible binding and dissociation
stability of Cy-R6G with CO,, we investigated the reversible absorption
characteristics of Cy-R6G aqueous solutions under alternating CO, and
Ny bubbling treatments using UV-Vis spectroscopy. As shown in Fig. 1g,
Cy-R6G aqueous solution exhibited stable and reversible responses to
CO» and Ny, after five cycles of 60 min of CO, bubbling followed by 15
min of Ny bubbling at 25 °C, i.e., the absorption intensity alternately
switched between approximately 0.22 and 0.05 after each cycle of CO,
and Ny bubbling. These results confirm that Cy-R6G aqueous solution
undergoes stable hydrophilic/hydrophobic structural transitions on
alternating CO2 and Ny bubbling, which is consistent with the macro-
scopic phenomena of switching between a pink solution and precipitate
on CO; and Ny bubbling, respectively (see inset on the left side of Fig. 1g
and detailed in Supplementary Video S1). Therefore, these findings
confirm that the cytosine moiety within the structure of Cy-R6G can
react with and dissociate from COs, which profoundly affects the
structural switching and photophysical properties of Cy-R6G.

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2024.101319

After confirming the CO»-responsive characteristics of Cy-R6G, we
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subsequently extended our research to encapsulation of Cy-R6G in Cy-
PEG. Due to the ability of Cy-PEG to form stable spherical nanogels in
aqueous environments (Fig. S12) [30], and considering that both
structures contain cytosine groups which may enhance their affinity and
interactions (Fig. 2a), we anticipated that Cy-PEG nanogels would suc-
cessfully encapsulate hydrophobic Cy-R6G and exhibit desirable phys-
ical properties. Therefore, we first evaluated the encapsulation
efficiency and structural characteristics of Cy-PEG nanogels physically
encapsulating Cy-R6G by mixing and dialyzing Cy-R6G and Cy-PEG in
an aqueous solution. As shown in Table S2 and Fig. 2b, the average
diameter and drug loading content (DLC) of the Cy-PEG mixed system
loaded with Cy-R6G gradually increased with the feed ratio of Cy-R6G.
When the mixing ratio of Cy-R6G to Cy-PEG was 1.5:1, the resulting
composite had an average diameter of 193 + 6.79 nm and a DLC of
73.87 + 1.97 %. These results indicate that the DLC and the size of the
composite can be tailored by adjusting the mixing ratio of Cy-PEG and
Cy-R6G to achieve the desired properties, possibly as the hydrogen
bonding interactions between the cytosine groups of both components
(Fig. 2a) [30,32] lead to high, tunable DLC values. In comparison, the
control R6G-loaded Cy-PEG system achieved a maximum DLC of only
17.52 + 1.56 % (Table S2), further demonstrating the importance of the
cytosine groups in Cy-R6G and Cy-PEG. In addition, compared to the
unloaded Cy-PEG nanogels with { values of 6.31 + 5.26 mV, the { values
of the Cy-R6G-loaded Cy-PEG composites in water ranged from —26 and
—35 mV (depending on the DLC), confirming that encapsulation of
Cy-R6G within Cy-PEG significantly enhances the high negative surface
charge and structural stability of the nanogels [42]. Thus, the
Cy-R6G-loaded Cy-PEG composites have a negative surface charge and
tend to repel each other, which effectively prevents aggregation in
aqueous solution. In confirmation of the co-organized structure of the
composites in water, SEM and atomic force microscopy (AFM) images
(Fig. 2¢ and d) clearly showed that the Cy-R6G-loaded Cy-PEG com-
posites exhibited a well-dispersed morphology and spherical-like
structures with diameters ranging from 75 to 110 nm, significantly
larger than pristine Cy-PEG (Fig. S12). These observations confirmed
that Cy-R6G was successfully encapsulated within the Cy-PEG nanogels
and thereby increased the particle size. However, the average diameters
observed in the SEM and AFM images are smaller than the results ob-
tained by DLS (Fig. 2b), similarly to previous observations (right inset of
Fig. 1e); this difference can be attributed to the effects of sample drying
[38]. Overall, these findings demonstrate that the self-complementary
hydrogen bonding interactions between cytosine groups in the
Cy-R6G/Cy-PEG drug/carrier system enable the construction of nano-
spheres in aqueous solution with unique, tailorable physical properties.

Above, we successfully demonstrated that cytosine-functionalized
Cy-R6G undergoes a sensitive and rapid response to CO, in aqueous
solution, which induces a structural transition from hydrophobic to
hydrophilic. Thus, we predicted that the Cy-R6G-loaded Cy-PEG nano-
gels would exhibit triggered drug release properties in COy-rich aqueous
solutions due to the presence of COs-responsive Cy-R6G within the
nanogels (i.e., due to formation of COy-protonated Cy-R6G inside the
nanogels), which would ultimately confer precise and controllable drug
release characteristics. Therefore, we explored the time-dependent ef-
fects of CO, bubbling on the macroscopic behavior of Cy-R6G-loaded
Cy-PEG nanogels in aqueous solution. The photos in the top right
corner of Fig. 2e and f, as well as Supplementary Video S2, clearly
show that after 75 min of CO5 bubbling at 25 °C, the color of the Cy-R6G-
loaded Cy-PEG nanogels in water changed from colorless to pink while
the solution remained clear and transparent, and exhibited yellow-green
fluorescence under broad-spectrum UV light. These results indicate that
CO4 bubbling led to protonation of the cytosine and amine groups of Cy-
R6G, and the resulting hydrophilic Cy-R6G was quickly released from
the nanogels, leading to a macroscopically pink solution. Similar trends
were observed for pH and {: after 75 min of CO2 bubbling, the pH and ¢
values of the Cy-R6G-loaded Cy-PEG nanogels in water changed from
7.21 £+ 0.19 to 5.54 + 0.31 and from —32.71 + 2.40 to 16.33 + 5.57


https://doi.org/10.1016/j.mtbio.2024.101319
https://doi.org/10.1016/j.mtbio.2024.101319

E.A. Bayle et al.

Materials Today Bio 29 (2024) 101319

(b) g Size =159 < 7 nm
100 PDI=0.34£0.22

2 '

H ~ 80
WS
H ]

& 70

(a) \
(1) fN,R
H‘u:: sr_‘,g
H A

Intensity (%)

(o]

: FII HE . lj
: 1IN
2O BRI & Sl
N 2 K=~102M7 N~ 8
R” R” 20

R'= R6G R =PEG 0 50 100 150 200 250 300 350 400 450 500
Diameter (nm)
( ( {
(e)ozs 0, bubbiing (f) 10000 O, bubbiing 553 (g)roo ——(h) —PH74——pH 74 & CO, bubbling
i under natural light — under longwave UV light ool = pHT7.4 b 100 —=+—pH 6.0 —— pH 6.0 & CO, bubbling
| - - 2
0.204 + Smin 280001 = 5min —_pHEo 9 —+— pH 5.0 —— pH 5.0 & CO, bubbling
410 min 528 nm @ 410 min — 500 < o, bubkiingfor 0 miny_*
8 v 15 min § v 15 min E . 8 o —— B1%
£ 0159 + 30min £ 60001 + 30min i3 400 H / - ——
£ < 45 min B <+ 45 min 5 < 60 / A 68%"
5 » 60 min o »— 60 min ® o o
& 0404 0 75 § 40007 <75 min E 3001 159nm £ 0l g
ks @ 8 200!/ 163nm |8
2 ! 3
0.05 & 2000 (g
2 100 157 nm 3 Ok
0.00 0 0
450 500 550 600 650 500 520 540 560 580 600 620 640 0 5 10 15 20 25 0 4.‘,' 10 20 30 40 50

Wavelength (nm) Wavelength (nm)

Time (h) Time (h)

Fig. 2. (a) Formation of self-complementary hydrogen-bonded dimers between the cytosine moieties in Cy-R6G and Cy-PEG. (b) DLS curve of Cy-R6G-loaded Cy-
PEG (1/1 Cy-R6G/Cy-PEG weight ratio) in aqueous solution recorded at 25 °C. (¢) AFM and (d) SEM images of spin-coated Cy-R6G-loaded Cy-PEG nanogels. (e)
UV-Vis and (f) PL spectra of Cy-R6G-loaded Cy-PEG in aqueous solution obtained at 25 °C after different durations of CO, bubbling (0-75 min). The top-left insets in
(e) and (f) show photographs of Cy-R6G-loaded Cy-PEG nanogels in aqueous solution under natural light and long-wavelength UV light illumination before and after
75 min of CO, bubbling, respectively. (g) Time-dependent changes in the average sizes of Cy-R6G-loaded Cy-PEG in aqueous solutions at pH 7.4 and 5.0 obtained by
DLS at 25 °C. (h) Drug release profiles of Cy-R6G-loaded Cy-PEG nanogels in aqueous solutions at pH 7.4, 6.0, and 5.0 at 25 °C with/without CO, bubbling. CO,

bubbling was performed for 30 min, 4 h after the start of the drug release assay.

mV, respectively, confirming that COy bubbling can rapidly and con-
trollably trigger the release of Cy-R6G from the nanogels. Furthermore,
UV-Vis and PL spectroscopy were employed to quantify the effects of the
duration of CO2 bubbling on the photophysical properties of Cy-R6G-
loaded Cy-PEG nanogels in water. As shown in Fig. 2e and f, the
maximum absorption and fluorescence peaks of Cy-R6G-loaded Cy-PEG
nanogels at 529 and 553 nm, respectively, gradually increased from 0.03
to 1513 to 0.15 and 9570 during continuous CO5 bubbling for 75 min,
demonstrating that the Cy-PEG nanogels exhibit time-dependent drug
release behavior. In contrast, no significant changes were observed in
the UV-Vis spectra of Cy-R6G-loaded Cy-PEG nanogels in water after
continuous Ny bubbling for 60 min (Fig. S13), indicating that the Cy-
R6G-loaded nanogels exhibit a highly selective response to CO, and
demonstrating the high stability of Cy-R6G entrapped within the
nanogels during Ny bubbling. In comparison, no changes in the position
and intensity of the characteristic peaks in the UV-Vis and PL spectra of
control R6G-loaded Cy-PEG nanogels in water were observed after
continuous CO3 bubbling for 60 min (Fig. S14), clearly revealing that the
presence of Cy-R6G is an indispensable factor that endows the nanogels
with CO2 responsiveness. Therefore, these intriguing findings inspired
us to further explore the drug release behavior and kinetics of Cy-R6G-
loaded Cy-PEG nanogels in aqueous environments in response to pH and
COa.

Since CO, bubbling not only promotes a reaction with Cy-R6G but
also increases the acidity of the aqueous solution, we examined the
average particle sizes of Cy-R6G-loaded Cy-PEG nanogels at 25 °C in
aqueous solutions of pH 7.4 and 6.0 through time-dependent DLS
measurements. As shown in Fig. 2g, the particle size of Cy-R6G-loaded
Cy-PEG nanogels in pH 7.4 aqueous solution remained almost un-
changed, whereas the particle size of Cy-R6G-loaded Cy-PEG nanogels at
pH 6.0 gradually increased from 159 nm at the beginning to 612 nm
after 24 h. These results indicate that the self-complementary hydrogen
bonding interactions between cytosine groups of Cy-R6G and Cy-PEG
effectively enhance the structural stability of the nanogels under
normal physiological conditions (Fig. 2a). In contrast, the hydrogen-
bonded cytosine groups within the nanogels gradually dissociate in a
weakly acidic aqueous environment, ultimately leading to structural
disintegration of the nanogels and the subsequent release of Cy-R6G,
which forms large aggregates. Therefore, this newly developed drug-

delivery nanogel system based on COj-sensitive Cy-R6G and pH-
responsive Cy-PEG has the potential to achieve precise and control-
lable drug delivery and release characteristics and thus enhance the
safety and efficacy of cancer treatment [18,43]. Next, we explored the
drug release kinetics of Cy-R6G-loaded Cy-PEG nanogels by evaluating
the release behavior of Cy-R6G under different pH conditions and CO2
bubbling using a typical dialysis method. As shown in Fig. 2h, Cy-PEG
nanogels exhibited stable Cy-R6G encapsulation at 25 °C and pH 7.4,
releasing only 15 % of the Cy-R6G after 48 h. However, at pH 6.0 and
5.0, the amount of Cy-R6G released significantly increased to 33 % and
68 %, respectively, after 48 h, confirming that Cy-R6G-loaded Cy-PEG is
highly pH-responsive. The stability of the co-assembled structures under
normal conditions and structural disintegration and release of Cy-R6G
under acidic conditions can be attributed to the effects of environ-
mental pH on the self-complementary hydrogen bonding interactions
between the cytosine groups within the nanogels [30,32]. Surprisingly,
the cumulative release of Cy-R6G from Cy-PEG nanogels over 48 h
significantly increased after incubation in different pH environments for
4 h followed by CO, bubbling for 30 min, reaching 36 %, 44 %, and 81 %
at pH values of 7.4, 6.0, and 5.0, respectively. This indicates that the
nanogels undergo gradual disassembly due to the influence of COq,
which subsequently promotes the conversion of Cy-R6G into its CO2-p-
rotonated form, and thereby accelerates the release rate and increases
the cumulative amount of Cy-R6G released from the disassembled
nanogels. These observations further demonstrate that Cy-R6G-loaded
Cy-PEG nanogels possess unique synergistic pH and CO, responsive-
ness, which could minimize the effects of the drug in normal tissues and
enable enhanced controlled drug release in the tumor microenviron-
ment, which typically has a mildly acidic and high CO, levels [18,44].
To verify the drug release kinetics, we further evaluated the particle size
and morphological changes of Cy-R6G-loaded Cy-PEG nanogels after
CO2 bubbling for 75 min in pH 5.0 aqueous solution. As shown in
Fig. S15, compared to the spherical Cy-R6G-loaded Cy-PEG nanogels in
normal aqueous solution, DLS and SEM revealed a wide distribution of
particle sizes and a morphology indicative of large aggregates, respec-
tively, once again demonstrating that Cy-R6G-loaded Cy-PEG nanogels
possess sensitive pH- and COs-responsive capabilities that lead to rapid
disassembly and transformation into disordered aggregates in acidic and
CO4 aqueous environments. Based on these results, this Cy-R6G/Cy-PEG
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drug/carrier system with dual pH- and CO,-responsive capabilities holds
great potential to enhance the stability of drug delivery and achieve
more precisely controlled drug release in the tumor microenvironment.

An ideal drug delivery system must exhibit high structural stability in
biological media to be safe for various biological applications [45].
Therefore, we conducted in vitro quantitative hemolysis assays of pris-
tine Cy-R6G, Cy-PEG, and Cy-R6G-loaded Cy-PEG nanogels using sheep
red blood cells (SRBC). As shown in the photographs in Fig. S16a and the
qualitative analysis in Fig. S16b, the percentage of hemolysis of SRBC
treated with Cy-PEG or Cy-R6G-loaded Cy-PEG nanogels in the con-
centration range of 0.1-100 pg/mL was below 3.1 %. However, the
percentage of hemolysis increased gradually with the concentration of
Cy-R6G, reaching the highest level of 14.9 + 3.1 % at 100 pg/mL
Cy-R6G. These results clearly reveal that the highly hydrophobic
Cy-R6G is tightly encapsulated within the Cy-PEG nanogels, which
effectively prevents lysis of SRBC, resulting in the desired anti-hemolytic
properties and indicating the high potential of the nanogel for
biomedical applications [46].

Next, to further understand whether Cy-R6G-loaded Cy-PEG nano-
gels with CO,-responsive cytosine groups can selectively induce cyto-
toxicity in COgy-rich microenvironments [32], we used the 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
to assess the effects of pristine Cy-R6G and co-assembled Cy-R6G/Cy--
PEG complexes on the viability of normal NIH/3T3 fibroblasts and HeLa
cervical cancer cells in culture media in the presence or absence of CO,.
Before conducting the MTT assay, CO, was bubbled directly into the
culture medium (Dulbecco’s Modified Eagle Medium, DMEM) for 1 h to
produce CO;-containing DMEM, which temporarily remained saturated
with CO2. The pH of DMEM decreased from 7.8 + 0.1 to 6.3 + 0.1 after
CO4 bubbling treatment at 25 °C (Fig. S17). After standing for 1 day, the
pH value of the solution rose to 6.8 + 0.2, indicating that although the
CO4, content of the solution significantly decreased after 1 day, enough
CO4 was still present in the solution to establish a COg-rich culture
environment for in vitro experiments. Subsequently, NIH/3T3 and HeLa
cells were cultured in pristine or CO»-containing DMEM at 37 °C for 24
h. The MTT assay showed that both cells exhibited over 98 % cell
viability, indicating that the COs-containing DMEM environment did
not affect the growth and viability of either type of cell (the gray bars on
the far left in Fig. 3a and b), indicating that CO»-containing DMEM was a
suitable medium for subsequent in vitro experiments.

Additional MTT assays showed that co-incubation with Cy-R6G
within the concentration range of 0.1-50 pg/mL in pristine DMEM at
37 °C for 24 h did not alter the cell viability of NIH/3T3 or HeLa cells
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(Fig. 3a and b), possibly as the hydrophobic nature of Cy-R6G results in
low affinity with the cells, making it difficult for Cy-R6G to be taken up
by the cells. Conversely, in the mildly acidic environment of CO,-con-
taining DMEM, Cy-R6G exhibited cytotoxic activity against NIH/3T3
and Hela cells with half-maximal inhibitory concentration (ICsp) values
of 37.5 pg/mL and 24.4 pg/mL, respectively. Thus, the acidic COo-
containing culture environment effectively promoted transformation of
Cy-R6G from a hydrophobic to a hydrophilic CO,-protonated structure,
and thereby significantly enhanced its uptake by cells and the subse-
quent induction of cytotoxicity. Surprisingly, Cy-R6G-loaded Cy-PEG
nanogels led to completely different results compared to pristine Cy-
R6G. Regardless of whether they were co-incubated with pristine
DMEM or CO;-containing DMEM for 24 h, NIH/3T3 cells treated with
Cy-R6G-loaded Cy-PEG nanogels consistently showed high cell viability
(Fig. 3a). These results suggest that the self-complementary hydrogen
bonding between cytosine groups within the nanogel structure stably
encapsulated Cy-R6G within Cy-PEG in the environment of normal cells,
and thereby effectively prevented the sudden release of Cy-R6G from the
nanogels, even in the CO,-containing media. In contrast to normal NIH/
3T3 cells, the viability of HeLa cancer cells incubated with Cy-R6G-
loaded Cy-PEG nanogels in pristine DMEM for 24 h gradually
decreased with the nanogel concentration, with an ICsq value of 25.3 pg/
mL (Fig. 3b). This confirms that Cy-PEG nanogels effectively deliver Cy-
R6G and confer selective cytotoxicity against HeLa cancer cells. These
unique results can be attributed to two possible factors: Firstly, the self-
complementary hydrogen bonding interactions between Cy-R6G and
Cy-PEG form hydrogen-bonded cytosine dimers (Fig. 2a) that are prone
to dissociation in the mildly acidic environment of HeLa cancer cells [44,
471, which would lead to disassembly of the nanogels and the gradual
release of Cy-R6G inside the cancer cells. Secondly, due to the presence
of cytosine receptors on the surface of HeLa cells [32], Cy-R6G-loaded
Cy-PEG nanogels may be selectively taken up by HeLa cells, which
would enhance the degree of cellular internalization and confer targeted
therapeutic efficacy. Thus, the nanogels selectively promote potent
cytotoxic effects in HeLa cancer cells but do not affect the viability of
healthy NIH/3T3 cells [18,44]. When the culture medium was changed
to CO»-containing DMEM, Cy-R6G-loaded Cy-PEG nanogels not only
maintained their selective cytotoxicity against HeLa cells, but the ICsg
value significantly reduced to 4.5 pg/mL (Fig. 3a and b). This indicates
that after the nanogels are taken up by HeLa cells, the Cy-R6G released
from the disassembled nanogels rapidly reacts with CO3 to form hy-
drophilic CO,-protonated Cy-R6G, which enhances the cytotoxicity of
Cy-R6G towards HeLa cells. These results also suggest that the presence
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of CO5 in the medium may accelerate the selective uptake of R6G-loaded
Cy-PEG nanogels by HeLa cells through cytosine receptor-mediated
macropinocytosis, and thereby subsequently enhance the overall can-
cer cell killing efficacy [32,48]. Moreover, these findings also suggest
that the combination of CO5 and cytosine-induced selective cell inter-
nalization may confer a synergistic therapeutic effect to simultaneously
achieve both accelerated and enhanced selective cytotoxicity against
cancer cells.

These findings further motivated us to explore the enhanced selec-
tive cytotoxicity of Cy-R6G-loaded Cy-PEG nanogels towards Hela
cancer cells in pristine or CO»-containing culture medium. We used
propidium iodide (PI) staining and confocal laser scanning microscopy
(CLSM) to observe uptake of Cy-R6G-loaded Cy-PEG nanogels by NIH/
3T3 and HelLa cells over time when co-cultured in either pristine or CO5-
containing DMEM. PI staining causes cellular nuclei to exhibit red
emission, while Cy-R6G-loaded Cy-PEG nanogels exhibit inherent faint
green emission. As shown in Figs. S18 and 3c, the green emission of Cy-
R6G-loaded Cy-PEG nanogels was not observed in NIH/3T3 cells during
24-h co-culture in either pristine or COz-containing DMEM, whereas
green emission was detected within HeLa cells and the intensity of
emission increased over time. These results suggest that Cy-R6G-loaded
Cy-PEG nanogels may not be taken up by NIH/3T3 cells because the
surface of normal cells is neutral or slightly positively charged [49]. In
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contrast, due to the presence of cytosine receptors on the surface of HeLa
cancer cells [32], a high affinity interaction between the nanogels and
HeLa cells promotes selective internalization and accumulation of the
nanogels inside HeLa cells through cytosine receptor-mediated macro-
pinocytosis [50,51]. The CLSM images are consistent with and support
the results of the MTT assay (Fig. 3a and b). In the merged images in
Fig. 3c, if Cy-R6G-loaded Cy-PEG nanogels are internalized within the
HeLa cells, their green emission overlapped with the blue emission of the
cell nuclei, resulting in bright yellow emission. Surprisingly, at different
time points, the intensity of the yellow emission within HeLa cells
treated in CO»-containing DMEM was substantially higher than in the
cells treated in pristine DMEM. After 24 h, yellow emission was uni-
formly distributed throughout each cell treated in CO,-containing
DMEM, suggesting that a reaction between the Cy-R6G within the
nanogels and CO; (resulting in hydrophilic CO,-protonated Cy-R6G),
altered the surface charge of the nanogels and in turn significantly
accelerated the cellular uptake and enhanced the accumulation of the
nanogels within HeLa cells. In other words, the combination of
COy-sensitive Cy-R6G and pH-responsive Cy-PEG, along with specific
targeting of the cytosine groups on cancer cells, may crucially enhance
the efficacy and safety of chemotherapeutic treatment.

To further validate the CLSM results, we qualitatively and quanti-
tatively analyzed cellular internalization of Cy-R6G-loaded Cy-PEG
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nanogels in NIH/3T3 and HeLa cells using flow cytometry. After co-
culture in pristine or COz-containing DMEM for 24 h, Cy-R6G-loaded
Cy-PEG nanogels exhibited almost no characteristic fluorescence
signal of Cy-R6G in NIH/3T3 cells (Fig. 4a and b). In contrast, the
fluorescence intensity in HeLa cells treated with Cy-R6G-loaded Cy-PEG
increased over time in both pristine and CO»-containing DMEM (Fig. 4c
and d), clearly suggesting that HeLa cells exhibited highly selective
uptake of Cy-R6G-loaded Cy-PEG nanogels. This further confirms that
the surface of HeLa cells possesses cytosine receptors that facilitate se-
lective internalization of Cy-PEG nanogels [32]. More importantly,
compared to cells treated with the nanogels in pristine DMEM, the
CO3-containing DMEM environment altered the surface charge of
Cy-R6G-loaded Cy-PEG nanogels, which accelerated their internaliza-
tion and ultimately resulted in a faster uptake rate and higher accu-
mulation of Cy-R6G-loaded nanogels within the HeLa cells. In addition,
HeLa cells treated with Cy-R6G-loaded Cy-PEG in COj-containing
DMEM exhibited a bimodal distribution, which may be attributed to
varying degrees of reaction between the nanogels and CO5 resulting in
different distributions of fluorescence intensity within the cells. Quan-
titative comparison of fluorescence intensities (Fig. 4a—-d, summarized in
Fig. S19) indicated that in COg-containing DMEM, the fluorescence in-
tensity of HeLa cells treated with Cy-R6G-loaded Cy-PEG reached
approximately 25,600 after 1 h of co-culture and increased to about 41,
000 after 24 h. In contrast, in pristine DMEM, the fluorescence intensity
of HelLa cells treated with Cy-R6G-loaded Cy-PEG only reached ~1500
after 24 h of co-culture; at this time point, the fluorescence intensity of
HeLa cells treated with Cy-R6G-loaded Cy-PEG in COj-containing
DMEM was more than 27 times higher than the cells treated with
Cy-R6G-loaded Cy-PEG in pristine DMEM. These results further confirm
that the presence of CO; in the DMEM significantly accelerates the
internalization of Cy-PEG nanogels by HeLa cells. Overall, these obser-
vations strongly indicate that the selective tumor cell-targeting charac-
teristics and COy responsiveness of the cytosine groups are critical
factors that facilitate accelerated internalization of the Cy-R6G/Cy-PEG
system into cancer cells and enhance its selective cytotoxic properties,
thus this novel system may potentially offer a safer and more effective
pathway for cancer therapy.

To further confirm the potential mechanisms of cell death in HeLa
cancer cells, we subsequently performed quantitative analysis using
flow cytometry combined with Brilliant Violet 421™ Annexin V (BV421
Annexin V) and Ghost Dye™ Red 780 (GDR780) double staining to
determine the proportions of healthy, necrotic, and apoptotic cells after
co-culture of Cy-R6G-loaded Cy-PEG nanogels with NIH/3T3 and HeLa
cells in pristine or COz-containing DMEM. The combination of BV421
Annexin V and GDR780 is widely used to detect differences in cell
membrane permeability [52,53]. As shown in Fig. 4e-1 and S20, the
BV421 Annexin V/GDR780 system can be used to quantify healthy cells
(lower left quadrant, BV421 Annexin V negative/GDR780 negative),
early apoptotic cells (lower right quadrant, BV421 Annexin V pos-
itive/GDR780 negative), late apoptotic cells (upper right quadrant,
BV421 Annexin V positive/GDR780 positive), and necrotic cells (upper
left quadrant, BV421 Annexin V negative/GDR780 positive). As shown
in Fig. S20, regardless of whether they were cultured in pristine or
COs-containing DMEM for 24 h, over 88 % of NIH/3T3 cells co-cultured
with Cy-R6G-loaded Cy-PEG remained healthy, indicating that Cy-PEG
nanogels encapsulate Cy-R6G in a highly stable manner, which effec-
tively prevents disintegration of the nanogels and uncontrolled drug
release, even in a COj-containing DMEM environment. In contrast,
during co-culture of Cy-R6G-loaded Cy-PEG nanogels with HeLa cells in
pristine DMEM, the initially healthy HeLa cells gradually transitioned to
apoptotic cells over time. This indicates that the HeLa cells selectively
internalized the Cy-R6G-loaded Cy-PEG nanogels and the acidic intra-
cellular environment gradually lead to disassembly of the nanogels and
the subsequent release of Cy-R6G. Specifically, after co-culture with
Cy-R6G-loaded Cy-PEG in pristine DMEM for only 1 h, over 95 % of
HeLa cells remained viable (Fig. 4e), suggesting that the presence of
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cytosine receptors on the surface of HeLa cells enhances the affinity
between the nanogels and the cells and leads to gradual macro-
pinocytosis of the nanogels [32]. When the duration of co-culture was
extended to 24 h, the proportion of healthy HeLa cells drastically
decreased to 46 %, while the proportions of early and late apoptotic cells
increased to 45 % and 8 %, respectively; only about 0.6 % of cells were
necrotic (Fig. 4h). This positively demonstrates that Cy-R6G-loaded
Cy-PEG nanogels undergo selective uptake and induce high levels of
apoptosis in HeLa cells, and can ultimately achieve the desired chemo-
therapeutic effect [54]. Surprisingly, when DMEM was replaced with
COy-containing DMEM, the rate at which Cy-R6G-loaded Cy-PEG
nanogels induced apoptosis in HeLa cells increased significantly
(Fig. 4i-1). After just 1 h of incubation in the CO5-containing DMEM, the
proportion of healthy HeLa cells decreased to 66 %, with about 33 % of
early apoptotic cells (Fig. 4i). At 6 h, the proportion of early apoptotic
cells further increased to 43 % (Fig. 4j), revealing that the CO3-con-
taining microenvironment not only accelerated internalization of the
Cy-R6G-loaded Cy-PEG nanogels into HeLa cells, but also that the CO4
and weakly acidic cancer cell environment accelerated disassembly of
the nanogels and enhanced the cytotoxic effects of Cy-R6G, leading to
rapid induction of apoptosis. Ultimately, after 24 h of incubation, the
proportions of early and late apoptotic cells increased to 77 % and 12 %,
respectively, while only about 11 % of remained cells healthy, with
almost no necrotic cells (Fig. 41). This further demonstrates that,
compared to the pristine DMEM, the CO,-containing DMEM effectively
enhances the rate and extent of apoptosis induced by Cy-R6G-loaded
Cy-PEG nanogels in HeLa cancer cells by the same cytotoxic pathway
and mechanism.

Collectively, compared to traditional drug delivery systems, this
novel CO2 and pH-responsive system based on a combination of Cy-R6G
and Cy-PEG offers three unique advantages that may effectively enhance
the safety and efficacy of cancer chemotherapy [7,55]: Firstly, hydro-
phobic Cy-R6G and hydrophilic Cy-PEG co-assemble into nanogels
through self-complementary hydrogen bonding between their cytosine
groups, which not only significantly enhances the solubility of Cy-R6G
in aqueous environments but also improves its structural stability in
biological environments. Secondly, the Cy-R6G-loaded Cy-PEG nanogels
can be tailored to precisely control the release characteristics of Cy-R6G
in hypercapnic and slightly acidic cancer cell environments. Thirdly,
due to the high structural stability of Cy-R6G-loaded Cy-PEG nanogels in
normal cellular environments and the high affinity and specific inter-
action of the nanogels with the surface of cancer cells, the nanogels
undergo significantly faster and higher degrees of selective internali-
zation by cancer cells in COj-containing culture media. Thus,
Cy-R6G-loaded Cy-PEG can induce extensive levels of apoptosis in
cancer cells without affecting the vitality of normal cells, and thus may
help to achieve safer, more effective cancer treatment through a cyto-
toxic pathway. Therefore, this emerging CO,-responsive drug delivery
system opens up new opportunities to significantly enhance selective
uptake of chemotherapy drugs by cancer cells and accelerate the in-
duction of apoptosis, and thus also demonstrates high potential to
improve the overall efficacy of cancer treatment.

4. Conclusions

In summary, this study presents a facile and efficient approach to
establish a COy-responsive multifunctional supramolecular drug de-
livery system that could enhance the safety, reliability, and efficacy of
chemotherapy. The system is based on self-complementary multiple
hydrogen bonding between cytosine groups to obtain a combination of
COq-responsive Cy-R6G as a hydrophobic anticancer agent and pH-
sensitive Cy-PEG as a hydrophilic nanocarrier. Cy-R6G and Cy-PEG
are synthesized through simple, few-step pathways at high yield and
quality. Due to the self-complementary hydrogen bonding interactions
between cytosine groups in their structures, Cy-R6G and Cy-PEG co-
assemble into a nanogel in aqueous environments and stably
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encapsulate the hydrophobic Cy-R6G in solution. The Cy-R6G-loaded
Cy-PEG nanogels have a widely tunable size and Cy-R6G loading ca-
pacity, ranging from 144 to 194 nm and 62-74 %, respectively,
depending on the mixing ratio of Cy-R6G and Cy-PEG. The nanogels
exhibit numerous unique physical properties, such as extremely high
structural stability in normal aqueous environments, intriguing optical/
emission phenomena, enhanced anti-hemolytic activity against SRBC,
highly sensitive pH/CO; responsiveness, as well as stable and reversible
structural and emission switching characteristics in aqueous solution in
response to alternating CO,/No bubbling. MTT assays clearly indicated
that, due to the presence of cytosine receptors on the surface of HeLa
cancer cells, Cy-R6G-loaded Cy-PEG nanogels exhibit selective cyto-
toxicity towards HeLa cells in pristine DMEM, but have minimal impact
on the viability of NIH/3T3 normal cells. Surprisingly, using CO3-con-
taining DMEM medium to simulate hypercapnic conditions significantly
enhanced the cytotoxicity of Cy-R6G-loaded Cy-PEG nanogels towards
HeLa cells compared to cells treated in pristine DMEM. This significant
enhancement in cytotoxicity towards cancer cells, in addition to the
specific targeting provided by cytosine receptors on the cancer cells,
may also be due to the COy-rich microenvironment altering the surface
charge of the nanogels, and thereby accelerating cellular uptake and
rapid disassembly of Cy-PEG and the release of Cy-R6G in the weakly
acidic microenvironment of cancer cells. Subsequently, the CO2-pro-
tonated Cy-R6G confers a higher degree of selective cytotoxicity. The
unique physical properties and significantly enhanced selective cyto-
toxicity towards cancer cells reveal that the targeting characteristics of
the cytosine groups and the CO,-responsive capabilities are crucial for
achieving the desired anticancer therapeutic effects; to our knowledge,
these characteristics are quite rare and highly anticipated compared to
typical drug delivery systems. Importantly, cellular fluorescence imag-
ing, flow cytometry, and investigations into the cytotoxic mechanisms
confirmed that, compared to pristine DMEM, the culture environment of
CO2-containing DMEM not only accelerates the internalization of Cy-
R6G-loaded Cy-PEG nanogels by cancer cells through cytosine-
mediated macropinocytosis, but also subsequently leads to induction
of massive levels of apoptosis following the intracellular release of Cy-
R6G. Overall, this combination of CO,-responsive Cy-R6G with pH-
sensitive Cy-PEG significantly enhances the rate of selective cellular
internalization of co-assembled nanogels into cancer cells in COz-con-
taining DMEM and thereby efficiently accelerates the induction of
apoptosis in cancer cells. Therefore, this research provides a safe, reli-
able, and highly promising approach for the development and applica-
tion of CO»-responsive multifunctional drug delivery systems in cancer
chemotherapy.
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