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Purpose: The translation of nanocarrier-based theranostics into cancer treatment is limited by their poor cellular uptake, low drug-
loading capacity, uncontrolled drug release, and insufficient imaging ability.

Methods: In this study, novel hybrid nanogels were fabricated as theranostic nanocarriers by modifying chitosan (CTS)/tripolypho-
sphate (TPP) nanoparticles (NPs) with polyacrylic acid (PAA) and further conjugating cysteine-functionalized gold nanoparticles
(AuNPs).

Results: The resultant nanogels, referred to as CTS/TPP/PAA@AuNPs (CTPA), exhibited excellent colloidal stability and a high
encapsulation rate of 87% for the cationic drug doxorubicin (DOX). In the tumour microenvironment, the acidic pH and over-
expression of lysozyme triggered CTPA@DOX to degrade and emit smaller nanoblocks (30-40 nm), which sequentially released the
drug in a tumour-responsive manner. Cellular uptake experiments demonstrated that CTPA facilitates the entry of DOX into the
cytoplasm. Furthermore, as visualised through AuNP-mediated computed tomography (CT) imaging, CTPA@DOX enabled favour-
able accumulation in the tumour. Our in vitro and in vivo data demonstrated that CTPA enabled advanced tumour cell-targeting
delivery of DOX, which showed greater anti-tumour activity and biosafety than free DOX.

Conclusion: The natural polymer CTS was developed for degradable nanogels, which can precisely track drugs with high antitumour
activity. Additionally, the surface adjustment strategy can be assembled to achieve cationic drug loading and high drug-loading
capacity, controlled drug release, and sufficient imaging ability. Therefore, multifunctional CTPA enables efficient drug delivery and
CT imaging, which is expected to provide a valuable strategy for designing advanced theranostic systems.
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Introduction

Theranostic nanocarriers have attracted increasing attention for cancer treatment.'” As multifunctional devices, ther-
anostic nanocarriers can be effectively combined with tumour markers to detect various diseases at low concentrations
with high sensitivity.> Additionally, theranostic nanocarriers can reduce drug toxicity and meet low-dosage drug
requirements.” Theranostic nanocarriers deliver drugs to the action site passively and/or actively, and also concurrently
provide valuable diagnostic information, such as tumour location, drug distribution, and tumour response to treatment.>¢
Currently, there are several types of theranostic nanocarriers, including magnetic nanoparticles (NPs), carbon quantum
dots, and gold nanoparticles (AuNPs). Magnetic NPs can control the accumulation of drugs in specific parts of the
tumour and reduce the general distribution of drugs, whereas carbon quantum dots can be prepared as electrochemical

sensors by utilising their large surface area. AuNPs can be used as electrochemical sensors owing to their strong surface
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properties and easy modification.”® Ideally, theranostic nanocarriers should enable a combined effective drug delivery
and imaging diagnosis, which is a significant challenge for nanotechnology.’ To achieve effective tumour-targeted drug
delivery, carriers should enable stability in long-term circulation, proper drug distribution, deep tumour penetration,
controlled drug release, and enhanced cellular uptake.'®'" Generally, these functions largely depend on the properties of
the particles, including size, charge, degradability, elasticity, and surface chemistry, which need to be elegantly tailored.-
1213 Furthermore, theranostic nanocarriers should enable the efficient conjugation of therapeutics and diagnostics,
thereby satisfying the dosing demands of imaging and therapeutic approaches.'*

Recently, nanogels with diverse physicochemical properties have received extensive attention.'>'® They offer unique
advantages for drug delivery. For instance, the swelling and degradation properties of nanogels can be leveraged to
design intelligent carriers for tumour-targeted drug release.'”'® Furthermore, the softness of nanogels minimises their
uptake by the reticuloendothelial system (RES), facilitating a long circulation time.'>?® In addition, deformability-
integrated enzyme-degradability imparts nanogels with the desired capability of deep tumour penetration, which is
beneficial for treating solid tumours.?'*** Recently, there has been increasing interest in the development of polysacchar-

2425 and hyaluronic acid nanogels.”® Among these, CTS nanogels

ide-based nanogels,”® predominantly chitosan (CTS)
possess excellent biosafety and abundant reactive groups on their molecular backbone.?” Such groups provide CTS
nanogels with a wide availability of conjugating multiple cargos, and also endow CTS nanogels with favourable
bioactivity. Considering the superiority of theranostics in personalised drug delivery, it is feasible to reinforce CTS
nanogel-based carriers with the capability of imaging diagnosis in a coordinated manner, thus enabling precise therapy
against tumours.

AuNPs have great potential in theranostics owing to their excellent imaging ability. The unique surface plasmon
resonance property and X-ray attenuation ability of AuNPs render them appropriate for fluorescence imaging, magnetic
resonance imaging (MRI), and computerized tomography (CT) imaging.**>° Additionally, their high affinity to thiols
enables AuNPs to carry various drugs, including genes and chemotherapeutics.®'*> However, drug payloads limit their
further application. To address this issue, incorporation of AuNPs with other larger organic structures, such as nanogels,
liposomes, and dendrimers, to form nanocomposites is expected to be an effective approach.**>> Under these circum-
stances, AuNPs are responsible for imaging, whereas organic components with a high surface area are used to carry
therapeutics.

In the current study, to develop a theranostic nanocarrier with favourable physicochemical properties and enhanced
versatility, this nanocarrier combines high-efficiency antitumour activity and imaging capability (Figure 1). During
preparation, hydrophilic polyacrylic acid (PAA) with a low molecular weight was applied to enhance the colloidal
stability of CTS NPs through surface-coating modification. Additionally, the introduction of PAA supported the loading
of AuNPs and improved the entrapment rate of the cationic drug doxorubicin (DOX). Specifically, functionalized AuNPs
were grafted onto the surface of the modified nanogels through an amidation reaction, and DOX was adsorbed into the
interior of the nanogels through electrostatic interactions, ultimately resulting in CTS/tripolyphosphate (TPP)/
PAA@AuUNPs (CTPA)@DOX. Upon reaching the tumour, the accumulation of CTPA@DOX was visualised through
AuNP-mediated CT imaging. Furthermore, CTPA@DOX tended to degrade and release drugs in response to the tumour
microenvironment (in enzyme- and acid-triggered manners), which resulted in high-performance antitumour therapy. The
results showed that the carrier was expected to possess high conjugation efficiency for therapeutic and diagnostic agents,
greater drug delivery and imaging capacities, and outstanding biosafety.

Materials and Methods

Materials

CTS, chloroauric acid (HAuCl, 4H,0), TPP, PAA (MW:2000 Da), sodium borohydride (NaBH,), 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI), and N-hydroxysuccinimide (NHS) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Unless otherwise stated, all chemical reagents were of
analytical grade. Dulbecco’s modified Eagle’s medium (DMEM) and foetal bovine serum (FBS) were obtained from
GIBCO Co., Ltd. (California, USA). Other biological materials were procured from Sigma-Aldrich (MO, USA). The
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Figure | Schematic synthesis of CTS/TPP/PAA@AuNPs (CTPA) and schematic illustration of CTPA theranostics, which simultaneously acts as a drug carrier for
chemotherapy and a contrast agent for CT diagnosis.

CAL-27 cells were purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). The acridine orange/ethidium bromide (AO/EB) double fluorescence staining kit was purchased from
Shanghai Beibo Biotechnology Co. Ltd. The terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labelling (TUNEL) apoptosis detection kit (colour method) was purchased from Biyuntian Biotechnology Co. Ltd.

Preparation of CTPA Nanogels

Briefly, a 1 mg/mL CTS solution (pH 5.5) was prepared by dissolving CTS in an acetic acid solution (1%). TPP aqueous
solution (0.1 mg/mL) was added dropwise to the stirred CTS solution at 6 s intervals, resulting in the formation of CTS
NPs (CTS/TPP). Next, the CTS/TPP solution was added to an aqueous PAA solution (10 mg/mL) and stirred for 10 min.
Finally, the mixture was dialysed in a dialysis bag (MWCO:8000-14000 Da) to obtain the CTS/TPP/PAA (CTP)
nanogels.
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AuNPs were prepared using the NaBH, reduction method. Briefly, HAuCl, (2.5 mL) dissolved in ultrapure water (25
mL) was added dropwise to the NaBH, solution (5 mg/mL, 2 mL) and stirred for 20 min. Subsequently, 1 mL of cysteine
solution (17 mM) was added to the above mixture. After reacting overnight, the as-prepared cysteine-functionalized
AuNPs were purified using the dialysis method described above.

AuNP-loaded CTS nanogels were then prepared. Briefly, | mL of EDC-HCI (5 mg/mL)/NHS (5 mg/mL) was added
to 30 mL of CTP nanogel solution for 2 h to activate the carboxyl groups. Cysteine-functionalized AuNPs were added to
the above reaction solution in accordance with a volume ratio of 1:1 and stirred at 25 °C for 2 h. After centrifugation
(10,000 rpm, 10 min) and purification (dialysis, MWCO: 8000—-14000 Da), the resulting nanogel (CTPA) was obtained.
The content of AuNPs in the CTPA was detected using an inductively coupled plasma optical emission spectrometer
(ICP-OES; Prodigy, USA).

Characterization

Scanning electron microscopy (SEM; ZEISS Sigma 300, Germany) was used to characterise the morphology and size of
the CTPA. The hydrodynamic diameter and zeta potential of the different formulations were tested using dynamic light
scattering (DLS; Nano ZS 90, Malvern). The UV absorbance spectra of the different samples were recorded using a
ultraviolet-visible (UV-vis) spectrophotometer (UV-5200, China).

Loading and Release of DOX

Initially, 5 mL of CTPA aqueous solution was mixed with 1 mL of DOX aqueous solution (2 mg/mL) and stirred for 12
h. The mixture was then placed in a dialysis bag (MW: 8000-14000 Da) for dialysis against phosphate-buffered saline
(PBS). The dialysate was collected to measure the UV absorbance at 490 nm.

To test the degradation ability, CTPA@DOX was submerged in a PBS solution (pH 5.0) containing lysozyme at a
concentration of 5.0 pg/mL. After incubation for 24 h, the samples were analysed using transmission electron microscopy
(TEM; JEM-210003040700, Japan).

To evaluate DOX release, 1 mL of CTPA@DOX dialysis samples was first immersed in PBS solutions with different
pH values (5.0, 6.5, and 7.4). At defined time points, 3 mL aliquots were removed to measure the amount of released
DOX using UV-vis spectrum analysis, followed by the addition of fresh PBS to maintain volume consistency. To assess
the enzyme-sensitive property, CTPA@DOX was incubated in PBS containing 0, 5, and 10 pg/mL of lysozyme, and the
released amounts of DOX at predetermined time points were detected using the method described above.

X-Ray Attenuation Measurements

Several CTPA@DOX samples with different concentrations of AuNPs (7.0, 4.0, 2.0, 0.5, and 0.25 mg/mL) were
prepared. The CTPA@DOX samples were then suspended in a 96-well plate containing agar. A well without any
samples was used as the control. Subsequently, the plate was subjected to X-ray attenuation measurements using a with a
CT system (SkyScan 1176, Germany).

In vitro Cytotoxicity and Cell Uptake
The cytotoxicities of CTPA and CTPA@DOX were assessed using the Cell Counting Kit-8 (CCK-8) assay. Briefly, the
human tongue squamous cell carcinoma (OSCC) cell line, CAL27, was incubated into culture flasks. Upon reaching 80%
confluence, the cells were digested and seeded into 96-well plates (1x10° cells/well) for 24 h. The culture medium in
each well was then replaced with 100 pL of fresh DMEM containing DOX, CTPA@DOX, and empty CTPA. The DOX
and CTPA@DOX groups had equivalent DOX concentrations (0.75, 1.5, 2, 3, and 6 pM), and the amount of empty
CTPA was identical to that used to prepare CTPA@DOX. After 24 h of incubation, the cells were washed twice with
PBS, and 100 pL of DMEM containing 10 pL of CCK-8 solution was added to each well. Finally, optical density was
measured at 450 nm using a microplate reader (Tecan 200 Pro, Switzerland).

AO/EB double fluorescence staining was used to assess the anti-tumour effects in vitro. Briefly, CAL27 cells were
seeded onto cover slips in a 12-well plate (2x10° cells/well). After incubation for 48 h, the initial medium was replaced
with fresh medium containing DOX and CTPA@DOX at an identical DOX concentration (2 pM), and the cells were
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treated for 24 h. Then, the coverslips were washed with PBS and stained with AO/EB solution. Finally, confocal
fluorescence microscopy (CLSM, Nikon A1SiR, Japan) was used to observe the live/dead cells.

Cellular uptake of CTPA@DOX by CAL27 cells was evaluated using CLSM. First, CAL27 cells at a density of
1x10° cells/dish were seeded into 20 mm confocal cell culture dishes for 24 h. Then, DOX and CTPA@DOX at the same
DOX concentration (2 uM) were added to treat the cells. Subsequently, the medium was discarded at pre-designed points
(4 and 24 h). After washing three times with PBS, the cells were fixed with 4% paraformaldehyde for 30 min. The cells
were then washed several times and incubated with 4,6-diamino-2-phenylindole (DAPI) in the dark for 5 min. Finally,
after washing three times, the cells were observed using CLSM.

CAL27 cells were seeded in 6-well plates at a density of 5x10* cells/well for 24 h. After that, DOX and CTPA@DOX
at a same DOX concentration (2 pM) were added to treat the cells and the cells were further incubated for another 4 h
and 24 h. After washed 3 times with PBS, they were then digested with trypsin and collected in centrifuge tubes. Finally,
untreated cells were used as a control, and the suspended cells were filtrated and detected by flow cytometry (Cytoflex
0314, Beckman, USA).

In vivo CT-Imaging and Anti-Tumour Ability Evaluation

All animal procedures were approved by the Animal Care and Use Committee of Nanchang University and conformed to
the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Experimental mice were obtained
from Charles River Experimental Animal Co. Ltd. (Beijing, China). Subcutanecous OSCC models were established by
injecting 1x10” CAL27 cells into the right oxter of mice. Mice bearing a tumour of 150 mm? in size were subjected to the
following experiments.

Micro-CT scans were performed to detect the regions of interest before and 60 min after the injection of 1 mL of
CTPA@DOX through the tail vein. Scanning voltage and current were 100 kV and 80 mA, respectively.

To evaluate the anti-tumour efficacy and biosafety of CTPA@DOX in vivo, mice were separated into three groups
(n=6). Firstly, 1 mL of different solutions (PBS, DOX, CTPA@DOX, DOX dose: 4 mg/kg) was injected into mice via a
one-time intravenously injection. And then, the antitumor activity of different drugs on tumor mice was observed for 21
days. Tumour volume and body weight were recorded every 2 d. On day 21 post-injection, the main organs (heart, liver,
spleen, lungs, and kidneys) and tumours were harvested for histological analysis, including haematoxylin and eosin
(H&E) staining and TUNEL assays. Simultaneously, blood samples were collected for biochemical examinations.

Results and Discussion
Preparation of Hybrid Nanogels

Nanogels are suitable for standard drug delivery. To further improve their versatility, hybrid CTS nanogels with enhanced
colloidal stability and imaging capability have been developed as a theranostic strategy. Briefly, CTS was mixed with
oppositely charged TPP to form ionically crosslinked CTS NPs (CTS/TPP) with a hydrodynamic size of 158.2+2.3 nm
(Table 1). Subsequently, CTS/TPP was added to a solution of the oligomer PAA to form colloidally stable and negatively
charged nanocarriers (CTS/TPP/PAA; CTP). CTP efficiently incorporated cysteine-functionalized AuNPs (4-5 nm)
(Table 1) through amidation reactions, ultimately generating a core-satellite structure (Figure 2A and B). The as-prepared

Table | Hydrodynamic Size, Zeta Potential, and Drug-Loading
Capacity of Different Formulations

Sample Size (nm) Zeta (MmV) EE (%)*
AuNPs 4+2 —12.1£1.5 -
CTS/TPP 158.2+2.3 3147 -
CTPA 172.3+2.1 —28.1£3.8

CTPA@DOX 198.7+3.2 —27.4%3.1 87.1+4.6

Note: *Encapsulation efficiency (EE) = 100 x W,/W,, where Wj is the total drug for
loading and W, is the entrapped drug.
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Figure 2 SEM images of CTPA (A and B); (C) Zeta-potential changes after CTS/TPP transformed to CTPA and then loading with DOX; (D) UV-vis absorbance spectrum of
AuNPs, CTP, CTPA, and CTPA@DOX.

nanogels, CTS/TPP/PAA@AuNPs (CTPA), had a hydrodynamic size of 172.3+2.1 nm (Table 1), or 153.1£5.6 nm, as
determined using SEM. This slight difference in size measurements is due to the formation of a hydrated layer on the
exterior surface of the nanogels. Furthermore, CTS, as a cationic molecule, imparted a positive surface charge on CTS/
TPP. The negatively charged PAA covered CTS/TPP to adjust the surface potential from 314+4.7 to —28.1+£3.8 mV
(Table 1). This charge conversion led to a high encapsulation rate of 87.1+4.6% for cationic drug DOX (Figure 2C). The
resultant drug-loaded nanoplatform (CTPA@DOX) exhibited a negatively charged potential of —27.4+3.1 mV with a
hydrodynamic size of 198.7+3.2 nm (Table 1), which was advantageous for long circulation.>**” Therefore,
CTPA@DOX has great potential for ensuring an effective cargo delivery.

UV-vis spectroscopy measurements were used to demonstrate the successful fabrication of CTPA@DOX. The peak
located at 530 nm is a typical absorption peak of AuNPs, which is present in the CTPA spectrum (Figure 2D). This result
shows that AuNPs were successfully conjugated to the nanogels. Because the connection of AuNPs was mediated by
cysteine and PAA, it also demonstrated that complex nanogels comprising CTS, TPP, and PAA were successfully
constructed. Furthermore, in the spectrum of CTPA@DOX, a clear characteristic peak appeared at 490 nm, which was
ascribed to DOX (Figure 2D), suggesting that CTPA can entrap DOX.

Degradation and Drug Release Assays in vitro

Lysozyme is highly synthesised in human carcinomas, generating a high concentration in lesions.>® To assess lysozyme
degradability, CTPA@DOX was incubated in a weakly acidic condition containing 5 pg/mL lysozyme. TEM images
showed that CTPA@DOX decomposed and released smaller nano blocks of 3040 nm (Figure 3A and B). Such
biodegradability provides many advantages. As indicated, it can endow nanocarriers with size-variable capability,
which is a key element dominating intratumour distribution.*>*° In general, NPs with a relatively large size (100-200
nm) enable prolonged circulation. Upon reaching tumour sites, shrinkable particles are likely to achieve high tumour-
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Figure 3 TEM images of CTPA@DOX incubated in weakly acidic PBS solution (pH 5.0) containing 5 pg/mL lysozyme for 24 h (A and B); (C) Drug release curves of
CTPA@DOX in PBS solution with different pH values (7.4, 6.5, and 5.0); (D) Drug release curves of CTPA@DOX with different concentrations of lysozyme (0, 5.0, and
10.0 pg/mL). * indicates P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.001.

penetrating efficiency and favourable tumour distribution. Another merit of these nanocarriers is that they allow rapid
renal elimination of degradation products, leading to concerns over permanent toxicity.*' Therefore, CTPA@DOX can be
used as a reliable tool for tumour eradication and biosafety.

Nanogels represent a class of carriers that allow smart drug delivery to specifically target tumour cells. To confirm the drug
release in a tumour-specific manner, CTPA@DOX was first placed into PBS solutions with different pH values to simulate
various microenvironments, namely pH 7.4 (physiological blood circulation), pH 6.5 (tumour stroma), and pH 5.0 (endo/
lysosomes).* Increasing the pH accelerated drug release and elevated the cumulative drug release rate (Figure 3C). This pH-
dependent sensitivity was profoundly related to the fact that the protonation of amino groups in CTS molecules caused a
swollen state of the nanogels through the repulsive force of -NH;".** This feature improves drug bioavailability and prevents
drug release before reaching the target (tumour). In particular, when exposed to an acidic environment (pH 5.0), DOX
maintained sustained release for up to 48 h, which guaranteed a long-term anticancer effect (Figure 3C). The drug release
behaviour of CTPA@DOX was examined in the presence of lysozyme. As shown in Figure 4D, the release rate and
cumulative release rate of DOX were significantly enhanced in the lysozyme solution. When treated with 10 pg/mL lysozyme,
nearly 80% of the DOX was released within the first 10 h (Figure 3D). This unique release profile resulted from the
degradation of the nanogels. Based on these results, the acid- and lysozyme-sensitivity renders CTPA@DOX a useful drug
carrier targeting tumours, maximising the therapeutic efficiency and minimising the side effects.

Evaluation of Cytotoxicity in vitro
The biocompatibility of CTPA and toxicity of CTPA@DOX to CAL27 cells were assessed using the CCK-8 assay.
Empty CTPA did not affect the viability of CAL27 cells, even at high concentrations (Figure 4A). This suggested good
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Figure 4 Evaluation of biocompatibility and toxicity. (A) Relative viability of CAL27 cells after treatment with DOX, CTPA@DOX, and CTPA; (B) IC50 values of DOX- and
CTPA@DOX-treated CAL27 cells after 24 h; (C) The quantitative red fluorescence intensity of CAL27 cells after treatment with DOX and CTPA@DOX for 24 h in AO/EB
assays; (D) AO/EB staining images of CAL27 cells treated with DOX and CTPA@DOX. *Indicates P < 0.05, **Indicates P < 0.01, and ***Indicates P < 0.001.

biocompatibility of CTPA and maintained excellent colloidal stability under neutral conditions, thus avoiding negative
effects on cell growth. Increasing the amount of DOX led to a decrease in the cell viability. A similar trend was observed
in the CTPA@DOX group. However, the viability of CTPA@DOX was notably lower than that of free DOX at all the
concentrations. The IC50 value of free DOX (3.7 uM) at 24 h was nearly 2-fold higher than that of CTPA@DOX (1.9
uM) (Figure 4B), indicating CTPA@DOX that was more effective in killing CAL27 cells than free DOX, suggesting this
nanogel formulation increased the half-life of the drug and showed continuous release to achieve sustained and efficient
anti-tumor effect. AO/EB staining assays were performed to confirm the cytotoxicity of free DOX and CTPA@DOX.
The proportion of dead cells emitting red fluorescence varied significantly, and more cells died after treatment with
CTPA@DOX (Figure 4D). Quantitative analysis of red fluorescence also showed that cell death in the CTPA@DOX
group was 3.9-fold higher than that in the free DOX group (Figure 4C). Collectively, CTPA@DOX exhibited higher anti-
tumour activity than free DOX. This may be related to increased drug uptake and effective intracellular drug release.

In vitro Cellular Uptake
The cellular uptake of DOX and CTPA@DOX was detected using CLSM. At the time point of 4 h, a strong red
fluorescence (DOX fluorescence) intensity was observed in the CTPA@DOX group, and a higher fluorescence intensity
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was observed at 24 h (Figure 5SA and B). This phenomenon demonstrated that CTPA@DOX entered cells in a time-
dependent manner. Although free DOX gradually entered the cells, its fluorescence intensity was notably weaker
(Figure 5A and B). Moreover, the flow cytometry analysis also reveals the intracellular fluorescence intensity of
DOX, which is effective comments on the uptake of nanodrugs by CAL-27 cells at 24 h, which is consistent with
CLSM result. Quantitative assessment of cellular uptake in the CTPA@DOX group showed that the amount of DOX
internalised into cells increased 6.7-fold over that of free DOX at 24 h (Figure 5C and D). This result was attributed to
the fact that CTPA@DOX penetrated the cell membrane through endocytosis, whereas free DOX passively diffused into
cells with poor efficacy.** It is well documented that CTS possesses abundant bio-reactive groups. These groups can play
a critical role in material-cell recognition and adherence through non-covalent routines, which facilitate endocytosis of
CTS-based nanocarriers.*> Therefore, PAA-modified CTS nanogels with derivable hydroxyl, amino, and carboxyl groups
can be used as matrices for the fabrication of theranostic nanoplatforms.

Evaluation of CT Imaging Ability

Therapeutic nanocarriers exhibit different therapeutic effects in different diseases, synergistically enter the tumour with
chemotherapeutic drugs in vivo, and exhibit excellent CT imaging capabilities.*®*” The X-ray attenuation property of
CTPA@DOX was first examined in vitro to evaluate the potential of CTPA@DOX for CT imaging. It was observed that
the higher the AuNP concentration, the more prominent the brightness of CT imaging (Figure 6A). Quantitative analysis
showed that CT values presented a positive linear correlation with increasing AuNP concentration (Figure 6B), which
sets the foundation for diagnostic application in vivo.

CT scans were performed to examine the feasibility of using CTPA@DOX as an imaging agent in vivo. At 1 h post-
injection of CTPA@DOX, bright tumour tissue could be clearly observed in the sagittal, transverse, and coronal
dimensions, whereas no significant difference was observed in the surrounding normal tissues (Figure 6C). As the
imaging contrast is dependent on the molar concentration of AuNPs, the high contrast presented here demonstrated a
large amount of AuNPs in the tumour. These results infer that CTPA@DOX had favourable tumour accumulation and
effective conjugation with AuNPs. Collectively, CTPA@DOX can be used as a self-tracking tool to evaluate drug
delivery status.

In vivo Anti-Tumour Activity

The anti-tumour effect was assessed in OSCC-bearing nude mice after treatment with PBS, CTPA@DOX, and DOX. As
shown in Figure 7A, tumours in mice treated with PBS and DOX grew continuously. In contrast, the tumour volume of
the CTPA@DOX group decreased remarkably during the first 13 d, followed by a gradual increase after the complete
release of DOX from CTPA. On day 21, tumours were collected from all treated mice. It was found CTPA@DOX
treatment strongly inhibited tumour growth (Figure 7C and D). These results indicate a higher anti-tumour activity of
CTPA@DOX than that of free DOX at the same concentration of DOX. In addition, no significant difference in body
weight was observed among the three groups (Figure 7B), demonstrating that CTPA@DOX possessed preferable
biocompatibility and negligible system toxicity.

Furthermore, tumour tissues were treated with H&E and TUNEL staining to verify the anti-tumour effect. H&E
staining revealed extensive karyorrhexis, karyopyknosis, and karyolysis, which represents severe destruction of tumour
cells, in the CTPA@DOX group (Figure 7E). TUNEL assays showed a high proportion of apoptotic cells in
CTPA@DOX-treated tumours, which was in accordance with the findings of H&E staining (Figure 7F). Therefore, it
can be inferred that CTPA@DOX possesses a strong inhibitory effect against tumours, which was likely because of good
passive targeting, effective drug release, and enhanced cell internalisation.

The biosafety of CTPA@DOX was also assessed at the tissue level. At day 21 post-injection, the primary organs
(liver, heart, lungs, kidneys, and spleen) were resected for H&E staining. As expected, no clear abnormalities were
observed in any of the experimental groups, indicating that CTPA@DOX can be safely applied in vivo (Figure 8).
Additionally, organ coefficients and biochemical parameters (that is, alanine transaminase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN), and creatinine (CRE)) were measured to confirm
the biocompatibility of CTPA@DOX. As shown in Figure 9, the levels of the relevant indicators in the CTPA@DOX

International Journal of Nanomedicine 2022:17 https: 4765
Dove:


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

Bright field Blue (stained nucleus) Red DOX Merge
DOX
4 l(wi l(m]
h
CTPA
@DOX
100 m 100
B
DOX
24 LN % 1 4 ](L;un I(iw
. :
CTPA
@DOX
100 pm 100 pm ®
C
. CTRL 80000 | skokk
DOX
CTPA@DO
! 60000
g \| |H k| =
! 40000
S J Jj I,I =
(t
I \f; 20000 |
Vv' } 0
102 103 104 105 106 CTRL DOX CTPA@DOX

Fluorescence

Figure 5 CLSM images of DOX- and CTPA@DOX-treated CAL27 cells at (A) 4 h and (B) 24 h; (C) the flow Cytometry Measurement of Fluorescence Levels of
Intracellular DOX in CAL-27 Cells at 24 h; (D) Corresponding mean fluorescence intensity. ***Represents P < 0.001.

4766 "+ International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

A Low High C Before After
O
-II] Sagittal
0 0.25 0.5 2 4
Au concentration (mg/mL)
B
300 y=47.85x-2.01
— R’=0.999 T
:> ransverse
L 200 F
i:)s 5.mm
s
100 -
F
@
ok Coronal
1 1 1 1 1 1 1 1

o 1 2 3 4 5 6 71 8
Au concentration (mg/mL)

5 mm
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transverse, and coronal dimensions before and after intravenous administration of CTPA@DOX. The white section in the red circle represents the contrast image of the
nanomedicine in mice.

group were similar to those in the PBS group and were slightly lower than those in the DOX group. These findings
suggest that CTPA@DOX had superior compatibility and attenuated the toxicity of DOX.

Several CTS NPs and their nanohybrids with inorganic drug systems have been developed for the delivery of cationic
drugs (such as DOX). It has been demonstrated that the addition of inorganic particles can increase the functionality and
drug-loading capacity of CTS NPs.*® However, these platforms lack imaging and efficient drug degradation at tumour
sites. In this study, a surface assembly strategy was employed to adapt the surface charge of the NPs for efficient drug
delivery of the cationic drug DOX (87.1%), which was significantly higher than the reported loading efficiency of CTS
nanocarriers for DOX (approximately 4%).* Importantly, nearly 80% of the loaded drug was released in a simulated in
vitro microenvironment, which is higher than that of previous DOX-loaded inorganic nanosystems (for example, carbon
nanotubes (CNTs) and mesoporous silica (MSN)).’® These properties increase the ability of nanocarriers to deliver drugs

in mice, showing great potential for targeted imaging of antitumour drugs.

Conclusion

In summary, hybrid nanogels based on natural macromolecules (such as CTS and sodium alginate) are more suitable than
common inorganic carriers for delivering anticancer drugs because of their good biocompatibility and functionality. In
this study, PAA-modified CTS nanogels were developed for the fabrication of a theranostic nanoplatform. AuNPs as CT
contrast agents were efficiently conjugated to the exterior surface of the nanogels, whereas DOX as the chemotherapeutic
agent was entrapped in the interior structure at a high encapsulation rate. The resultant theranostic nanoplatform, CTPA,
exhibited the desired physical characteristics, including rational shape, size, charge, and colloidal stability, which enable
a long circulation time. The size-shrink capability for deep tumour penetration, dual lysozyme and acid-responsive drug
release for tumour-targeted therapy, and easy internalisation by tumour cells render CTPA@DOX an advanced drug
delivery tool. As expected, CTPA exhibited good biocompatibility, and CTPA@DOX showed an enhanced inhibitory
effect on tumour cells in vitro. Through a human OSCC-bearing mouse model, CTPA@DOX exhibited superior
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biosafety and therapeutic efficiency compared to free DOX. Owing to the introduction of AuNPs, CTPA@DOX enabled
monitoring of the drug delivery status at the treatment dosage. These benefits suggest that this hybrid theranostic nanogel

holds great potential for future clinical applications.
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