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Abstract

:

Recently, nano-based cancer therapeutics have been researched and developed, with some nanomaterials showing anticancer properties. When it comes to cancer treatment, graphene quantum dots (GQDs) contain the ability to generate 1O2, a reactive oxidative species (ROS), allowing for the synergistic imaging and photodynamic therapy (PDT) of cancer. However, due to their small particle size, GQDs struggle to remain in the target area for long periods of time in addition to being poor drug carriers. To address this limitation of GQDs, hollow mesoporous silica nanoparticles (hMSNs) have been extensively researched for drug delivery applications. This project investigates the utilization and combination of biomass-derived GQDs and Stöber silica hMSNs to make graphene quantum dots-hollow mesoporous silica nanoparticles (GQDs-hMSNs) for fluorescent imaging and dual treatment of cancer via drug delivery and photodynamic therapy (PDT). Although the addition of hMSNs made the newly synthesized nanoparticles slightly more toxic at higher concentrations, the GQDs-hMSNs displayed excellent drug delivery using fluorescein (FITC) as a mock drug, and PDT treatment by using the GQDs as a photosensitizer (PS). Additionally, the GQDs retained their fluorescence through the surface binding to hMSNs, allowing them to still be used for cell-labeling applications.
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1. Introduction


Cancer is one of the leading causes of death around the world [1] and since its discovery researchers have tried multiple means of treatment to find a cure for the deadly disease. Current methods of cancer treatment such as chemotherapy and radiology, although common and effective, are aggressive to the host and as a result cause damage and stress to the patient under treatment. Physical symptoms of fatigue, hair loss, neutropenia, lymphedema, deep vein thrombosis, and psychological symptoms such as depression and memory loss are a short list of side effects brought on by traditional cancer treatment methods [2,3,4,5]. Therefore, several disciplines such as medicine, biology, and chemistry have begun to research alternative means of cancer treatment with less severe side effects for a better quality of life [6,7,8]. Nanoscience is one such discipline that has extensively researched the use of nanoparticles for cancer treatment [9]. Nanoparticles contain several unique properties that are being exploited in the hope of finding new treatment methods that are not as taxing on the patient.



One class of nanoparticles being explored are graphene quantum dots (GQDs), which are a subset of nanoparticles defined by their size range of 2–10 nm. These particles contain several key characteristics including biocompatibility, low toxicity, resistance to photobleaching, high photostability, and photoluminescence that make them applicable in biological applications [10,11]. One vital feature of GQDs is their fluorescence capabilities, which allows them to be extensively used for bioimaging applications [12,13,14]. Over recent years, GQDs have been studied for their use in photodynamic therapy (PDT) for cancer treatment [15]. GQDs contain the natural ability to generate reactive oxidative species (ROS) due to the carbonyl functional groups found on their surface, which create a cytotoxic mechanism in the target cancer cell, though the exact pathway is still unknown [16]. Under physiological conditions, cells continuously generate and eliminate ROS compounds and naturally control these fluctuating ROS levels [17]. However, disturbance in these pathways, such as excessive ROS levels, leads to DNA, protein, and lipid damage in addition to other interrupted cellular pathways [17,18]. ROS compounds are generated under exogeneous or endogenous stimuli. Endogenous ROS occur from mitochondrial interferences, either interrupted by superoxide production which influences NADPH oxidases or have reactions with nitric oxide that thus generates peroxynitrite [19,20]. Exogeneous ROS occur from environmental stress, whether it be pollutants or hemostasis imbalance. Some of these include excessive ultraviolet (UV) exposure or ionizing radiation, chemical damage from tobacco smoke, and pharmaceutical agents [19,20]. For effective PDT treatment there are three base requirements: a photosensitizer (PS), light, and oxygen [21]. Ideally for PDT, the cancer cells absorb the PS, in this case the GQDs, which are activated by light to form ROS compounds that terminate the harmful cells through either apoptosis, necrosis, or autophagy [22]. GQDs have proven to be viable candidates in previous experiments for PDT treatment as they generate 1O2 and contain fluorescence characteristics [23,24,25]. However, due to their small particle size, GQDs struggle to remain in the target area for long periods of time and also have only recently have been explored for their drug delivery applicability [26]. Furthermore, GQDs are not commonly synthesized from biomass-derived materials and over the past few years this synthesis method has now been more favored. This is because by using these naturally occurring molecules to synthesize GQDs via the bottom-up or top-down methods [27], “green” GQDs have shown to be more viable in cells with reduced toxicity [28]. Additionally, it has not been commonly explored if these synthetically green GQDs could also be used as effectively as their non-green counter parts for cancer treatment [29].



Additionally, hollow mesoporous silica nanoparticles (hMSNs) have many unique properties for drug encapsulating capacity, drug release behavior, and enhancing antitumor immunity [30]. hMSNs are known to be highly biocompatible and biodegradable due to pH sensitivity [31], allowing for the avoidance of accumulation in the human body and making them viable for drug delivery applications [31,32,33,34]. Features such as surface modifications [35], pore size [36], and pore volume [37] allow hMSNs to be tailored for the drug type which they are intended to deliver into the targeted cancer cell [38,39]. Due to the intrinsic properties of GQDs and hMSNs, they are two kinds of many nanoparticles that have been extensively researched for their cancer treatment abilities.



Recently, research has been conducted utilizing GQDs and hMSNs in tandem for dual cancer treatment via PDT and drug delivery in addition to cell imaging [40,41,42,43]. For the goals of this study, biomass-derived GQDs and biodegradable hMSNs will be synthesized together to make degradable graphene quantum dots-hollow mesoporous silica nanoparticles (GQDs-hMSNs) that are also uniquely efficient at drug delivery, ROS formation, and fluorescence imaging. GQDs are synthesized in one of two ways: top-down or bottom-up [27,44]. The top-down method starts by breaking down carbon material using methods such as lithography and oxidation and bottom-up combines smaller carbon-containing compounds using methods such as pyrolysis and hydrothermal heating. For this project, GQDs will be synthesized from biomass-derived material [45] by dissolving the organic compound and subjecting the solution to heat for an extended time. For hMSNs synthesis, due to the vast number of synthesis methods that all impact the hMSNs’ ability to treat cancer effectively, it remains an important and innovative field of research. This study will use the Stöber method [46] which has successfully synthesized MSNs in the past and use Na2CO3 to hollow out the MSNs [43] into hMSNs.



A variety of analytical instrumentation were used to characterize the new GQDs-hMSNs. Firstly, their size distribution was examined using transmission electron microscopy (TEM) and dynamic light scattering (DLS) due to nanoparticles being defined by their size range of one dimension being 1–100 nm [47] and previous studies showing that nanoparticle size range greatly impacts their cell interactions [48,49]. Elemental composition analysis was determined using X-ray photoelectron spectroscopy (XPS) to confirm the presence of silicon, oxygen, and carbon along with Fourier transform infrared spectroscopy (FT-IR) to confirm bond formations. Zeta-potential was determined due to solution stability and surface charge playing vital roles in cellular interactions, as charged particles typically are better ingested by cells than noncharged particles [50,51]. Then, their ultraviolet-visible (UV-Vis) absorption and fluorescence features were collected to facilitate fluorescence imaging. Their biodegradability was also tested using various pH solutions [32] to mimic biological environments. Lastly, utility was assessed for in vitro fluorescence cell imaging using confocal microscopy, ROS formation using cell viability tests for type II PDT treatment due to 1O2 formation via GQDs [52,53] and drug delivery by examining loading and releasing capabilities into the targeted cancer cells using fluorescein (FITC) dye as a mock drug [54].




2. Resultes and Discussion


2.1. Design of GQDs-hMSNs and Synthesis


The primary focus of this study is to derive nanoparticles from biomass that help support their biocompatibility and biodegradation. Using cis-3,4-di(furan-2-yl)cyclobutene-1,2-dicarboxylic acid (CBDA-2), a biomass-derived molecule, for synthesizing the GQDs yields synthetically green and environmentally friendly graphene-based particles. Additionally, with CBDA-2 being synthesized from agricultural waste provides the means to recycle waste products into potentially vital nanoparticles for cancer imaging and treatment. Furthermore, the nanoparticles need to be biodegradable as to avoid accumulation in the patient body that could eventually lead to toxicity. Stöber method-based silica nanoparticles have previously been shown to possess excellent biocompatibility [55,56,57] and, with their pH sensitivity, are prone to biodegradation [57,58,59] in a matter of days or weeks. These key features make them valuable to avoid host accumulation and toxicity over time as the human body will naturally break down the silica for use in biological pathways.



To start, cetrimonium chloride (CTAC) and triethylamine (TEA) were mixed together before a Stöber silica suspension was spiked in. The solution was allowed to react before tetraethyl orthosilicate (TEOS) was added. After heating for 12 h on reflux at 60 °C, (3-aminopropyl)triethoxysilane (APTES) was added to introduce amine functional groups to the particle surface to help in biocompatibility, low pH stability, and agglomeration, and the solution was allowed to react for another 3 h while stirring at 60 °C. This resulted in mesoporous silica nanoparticles (MSNs). Na2CO3 was added, and the solution was stirred for another 3 h at 50 °C before being washed with a solution of hydrochloric acid/ethanol (HCl/EtOH) three times. EtOH was added to resuspend the particles and allowed to boil for 2–3 h at 80 °C. These steps etched out the silica core of the MSNs to make hMSNs. Once the EtOH evaporated, the hMSNs were dried to a solid. 1.0 mg was dissolved in 1.0 mL of deionized-water (DI-water) and 0.2 mg GQDs were added before the solution was diluted to 5.0 mL total volume with 20 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) pH 7.0 buffer. The solution was vortexed for 3 h at 1000 rpm before being centrifuged and dried to purify the final product of GQDs-hMSNs (Scheme 1).




2.2. Characterization of GQDs-hMSNs


2.2.1. Size Distribution and Surface Morphology


Particle size is essential to identify for nanoparticles as it is the determining factor as to whether or not they can be classified as nanoparticles. It is also important to determine particle size for biological applications as larger nanoparticles can struggle to diffuse across the cell membrane for imaging or drug delivery. Smaller particles tend to diffuse quicker and easier across the cell membrane; however, they are more common to cause cell toxicity [60]. Therefore, two different analyses were conducted to determine the size distribution of the GQDs-hMSNs. TEM images showed particles ranging from 20–50 nm (Figure 1A). The larger particles were more difficult to differentiate between single particles and smaller clusters. Thus, DLS was also used to determine particle size, averaging 47.0 ± 19.0 nm (Figure 1B).



Surface charge is also essential for nanoparticle determination as the charge will impact cellular uptake. Since uncharged particles are more difficult for cells to ingest, it is important to ensure and analyze the surface charge of the GQDs-hMSNs. Therefore, zeta potential measurements were taken at various pHs (1.0–11.0) and depict a decreasing potential from +5.71 to −21.8 mV (Figure 2). The most agglomeration and solution instability occurred in the more acidic pHs of maleate and citrate (1.0–5.0) but increased in stability from pH 7.0–11.0 (HEPES, 2-(cyclohexylamino)ethanesulfonic acid (CHES), and 3-(cyclohexylamine)-1-propanesulfonic acid (CAPS), indicating an overall negative surface charge. Lower agglomeration and greater solution stability in neutral pHs benefit biological applications. Additionally, higher agglomeration was observed for prolonged sonication times, greater than 30 min, and at concentrations higher than 50 μg/mL.




2.2.2. Functional Group Formation and Elemental Composition


Functional groups are essential for biological applications and additionally provide insight into the surface composition of the newly synthesized GQDs-hMSNs. FT-IR spectra were collected for hMSNs, GQDs, and GQDs-hMSNs to compare the differences of functional groups and additional bond formation after the synthesis of the nanoparticles and quantum dots together (Figure 3). For hMSNs without additional GQDs, functional groups were determined to be Si-O-H stretching (3222 cm−1, Figure 3A(a)), Si-O-Si bending (1058 cm−1, Figure 3A(b)), Si-OH vibration (944 cm−1, Figure 3A(c)), and Si-O vibration (796 cm−1, Figure 3A(d)) [61,62,63]. GQDs functional groups have been identified as -OH (3114 cm−1, Figure 3B(e)), C=O (1668 cm−1, Figure 3B(f)), and C-O/C-N (1384 cm−1, Figure 3B (g)). The spectrum of GQDs-hMSNs contained both bonds found in hMSNs and GQDs, indicating the compilation of the two nanoparticle species, along with an additional C-H bond formation (2821 cm−1, Figure 3C(h)). Furthermore, the -OH and C-O peaks are more distinct than what is observed in the GQDs spectrum, along with a decrease in C=O. This indicates the breaking of C=O bonds and the formation of Si-O-C bonds and potential C−Si bonds between the GQDs and hMSNs; which signifies that the GQDs are chemically bonding to the surface of the hMSNs rather than being absorbed into the pores [64,65]. This is beneficial as the GQDs are less likely to escape the hMSNs before being delivered into the cancer cells for imaging and PDT treatment in addition to not interfering or interacting with the mock loading drug for delivery.



XPS analysis was also conducted to confirm the elemental composition and bond formation of the GQDs-hMSNs seen in the FT-IR spectra and ensure that silicon, oxygen, and carbon were all present in the new synthesized particles. These three primary elements were identified in addition to the presence of nitrogen. This nitrogen content was attributed to APTES bonded to the hMSNs surface [66]. The elements of silicon and oxygen were attributed to be from the hMSNs, carbon and oxygen from the GQDs, and nitrogen from APTES. High-resolution scans of the carbon, nitrogen, and silicon peaks of the GQDs-hMSNs showed C-O/C-N and C-C/C-Si bonds within the carbon peak (Figure 4A), NSi2O and NSi2Ox in the nitrogen peak (Figure 4B), and the silicon showed SiO and SiOx bonds (Figure 4C). The presence of the C-Si bond supported the spectrum seen in FT-IR and confirmed the chemical binding of GQDs to the hMSNs surface, and further explained the slight peak shift in the excitation wavelength.




2.2.3. Optical Properties and pH Effects


Cell labeling for confocal microscopy imaging require fluorescent characteristics of nanoparticles in order to be applicable. Thus, the absorption, excitation and emission spectra were collected of the GQDs-hMSNs. Previously, the GQDs contained an absorbance of 300 nm which was attributed to the C-C bonds π-π* transition as well as the n-π* of the oxygen-containing groups [67]. However, after conversion with hMSNs, the new GQDs-hMSNs spectral features slightly shifted, with an absorbance at 310 nm (Figure 5A) and an excitation peak at 330 nm (Figure 5B) due to chemical binding on the silica surface. The emission peak at 440 nm remained the same (Figure 5B). Additionally, the GQDs-hMSNs showed concentration dependence (Figure 5C) as the GQDs have shown previously. However, the radiation dependency and red-shifting of the emission peak with increasing excitation wavelength (270–370 nm) did not occur as drastically as analyzed before (Figure 5D), and thus the GQDs now displayed a better rapid internal conversion from higher initial excited states to lower states that prevented the red-shift since being attached to hMSNs.



The human body contains a range of pHs, therefore the GQDs-hMSNs are required to show fluorescence stability across different pHs and avoid quenching to optimize in vitro cell imaging. Therefore, the GQDs-hMSNs fluorescence was analyzed at pHs 1.0–11.0 for any quenching tendencies in addition to test their stability and agglomeration characteristics in this wide range of pH. Due to the negative charge of the GQDs-hMSNs as seen in Section 2.2.1, more acidic environments could potentially cause the particles to destabilize and lose their surface charge. When this happens to particles, they will agglomerate and fall out of suspension. Additionally, they will lose their fluorescent signature and forfeit their use in cell labeling applications. For these GQDs-hMSNs, at pHs 5.0–9.0, the nanoparticles retained their fluorescence and were only slightly quenched at pH 11.0. Furthermore, pHs 1.0 and 3.0 showed greater quenching, with pH 1.0 nearly losing fluorescence altogether (Figure 6). However, this is typical of GQDs as extreme acidic conditions lead to agglomeration and solution instability, as previously mentioned, primarily due to excessive positive charge of the solution caused the negatively charged particles to destabilize. This was also seen in the zeta potential analysis (Section 2.2.1). Nonetheless, the highest fluorescence observed in the neutral pHs was encouraging for cell labeling applications as the fluorescence will be maintained in the biological pHs.





2.3. GQDs-hMSNs Biodegradation


A goal of this project is to lessen immune system taxation via traditional cancer treatments and therefore it is important to ensure that the GQDs-hMSNs are not retained long-term in the patient body and are broken down after a couple of weeks; or at least after they have fulfilled their purpose for drug delivery and as a PS agent for PDT treatment. Solutions of 10 mM phosphate-buffered saline (PBS) buffer, pH 7.0 and 6.5, and 10 mM citrate buffer, pH 5.0 and 4.0, were used to analyze the biodegradation of the GQDs-hMSNs to mimic biological systems. The GQDs-hMSNs were added to the buffer pHs (0.2 mg/mL) and vortexed for 6 days at 37 °C, 1000 rpm. Samples were taken every 24 h and analyzed via DLS and TEM to observe particle degradation over time.



DLS of pH 4.0 revealed particle agglomeration after the first 24 h in the buffer (Figure 7A). The TEM image of day 1 depicts large, swollen particles with some already rupturing under the acidic conditions (Figure 7B). For day 3, the particles were approximately the same size as on day 1, as observed in the DLS. However, more debris particles emerged in lower quantities (Figure 7C). Lastly, day 6 TEM depicted a large increase in debris particles along with breakage and misshaped larger particles as they continued to degrade (Figure 7D). For pH 5.0, a similar trend was observed for the first day, with increased particle agglomeration observed in the DLS (Figure 7E). Under TEM, day 1 GQDs-hMSNs at pH 5.0 depicted the same enlarged particles. However, they appeared to aggregate together instead of swelling like at pH 4.0 (Figure 7F). By day 3, the particles at pH 5.0 TEM (Figure 7G) were similar to day 3 particles at pH 4.0 while the DLS also confirmed slight degradation of the particles although they were degrading more slowly. Day 6 TEM (Figure 7H) showed rupturing particles that clumped together to yield larger size distributions observed in DLS.



PBS buffers showed slightly different particle formations. For pH 6.5, the particles immediately aggregated and swelled after one day, as observed in DLS and TEM (Figure 7I,J). However, the swelling was more severe than in the more acidic buffers. Day 3 TEM images showed a small decrease in particle size (Figure 7K), with less swollen particles and the appearance of smaller degradation debris particles. Day 6 TEM (Figure 7L) showed even more debris particles, as seen in the DLS.



In comparison, pH 7.0 showed a similar trend as pH 6.5. After day 1, the DLS results (Figure 7M) showed the same particle size distribution as observed previously (Section 2.2.1). However, the TEM images for day 1 (Figure 7N) showed burst or rippled particles, indicating that even after a short period of time, the particles started to degrade and lose their surface integrity. Day 3 for pH 7.0 (Figure 7O) showed increased particle agglomeration and swelling with smaller debris particles, much like pH 6.5 on day 6. Lastly, for day 6 at pH 7.0, there was an increase in debris particles with some swollen and agglomerated particles (Figure 7P).



Therefore, the GQDs-hMSNs have a prolonged degradation at pH 7.0 compared to 4.0. Thus, they will function longer at a natural, healthy pH, allowing the particles more time to accumulate in cancerous cells without releasing the chemotherapy drug or GQDs. Furthermore, as observed in the zeta potential measurements (Section 2.2.1) the GQDs-hMSNs show agglomeration and solution instability in acidic pHs. This will contribute to the increased agglomeration seen at pH 5.0 and 4.0 after one day of exposure. From there, the particles degraded faster at pH 4.0 based on the particle size in TEM. However, retained agglomeration at pH 5.0 for day 6 yielded a larger particle size in DLS than what was observed in TEM. Furthermore, pH 7.0 and 6.5 showed less severe particle agglomeration after one day, as expected due to the zeta potential measurements previously discussed. Nonetheless, the slightly more acidic pH of 6.5 showed larger particle size and agglomeration, initially, compared to pH 7.0 and showed a faster rate of degradation. Therefore, the GQDs-hMSNs will most likely degrade faster in cancerous environments that are more acidic, releasing the chemotherapy drug and GQDs into the cancer cells for treatment and imaging.




2.4. Cell Viability, In Vitro Cell Imaging, PDT Treatment, and Mock Drug Delivery of GQDs-hMSNs


In order to determine the biocompatibility of the GQDs-hMSNs, cytotoxicity tests were also analyzed using LDH assays. Effects of GQDs-hMSNs on cell viability were tested using RAW 264.7 cells, incubating the cells for 24 h with different concentrations of GQDs-hMSNs. Thermos Fisher CyQUANT™ LDH Cytotoxicity Assay Kit was performed to measure cell viability. The cells showed no signs of toxicity up to 100 μg/mL. However, at 200 μg/mL the cell counts decreased to 70–60% of the original amount (Figure 8). This is attributed to the hMSNs as the GQDs showed no cytotoxicity up to 200 μg/mL in previous studies [67].



Furthermore, to determine GQDs-hMSNs applicability in cell imaging, in vitro confocal microscopy images were collected using RAW 264.7 cells. The cells were incubated for 4 h with 100 and 200 μg/mL GQDs-hMSNs (Figure 9A). Additionally, TO-PRO-3 dye was used to label the cell nucleus. Upon imaging, weak fluorescence signal was found using the 488 nm laser for the GQDs-hMSNs (Figure 9B). This is due to the 488 nm laser being just outside the GQDs optimal excitation wavelength. However, the concentration of GQDs added in the synthesis can be increased to bind more GQDs to the surface of the hMSNs to provide a stronger fluorescent signal in the cells.



The GQDs-hMSNs were also examined for their use in PDT treatment of RAW 264.7 cells using LysoTracker Red in confocal microscopy and LDH assay for cytotoxicity analysis. A concentration range of 0–200 μg/mL GQDs-hMSNs was tested and after 30 min of laser irradiation at 11.81 mW/cm2, the cells were incubated for another 24 h. The cytotoxicity showed a linear decrease in cell viability with increasing concentrations of GQDs-hMSNs until 20 μg/mL, signifying that the GQDs-hMSNs were generating 1O2 and induced toxicity in the RAW 264.7 cells (Figure 10A). Concentrations higher than 20 μg/mL decreased cell viability compared to the control, however, the decrease was similar to the 20 μg/mL concentration. This decrease in 1O2 generation is attributed to the induced toxicity of the hMSNs observed in the cytotoxicity analysis previously discussed. The cells were subjected to a greater toxicity due to the presence of hMSNs before the GQDs could generate 1O2. Therefore, fewer viable cells would be available for PDT treatment and display a decrease in effective PDT treatment, but not necessarily due to a lack of 1O2 generation. Additionally, LysoTracker Red was used to track toxicity due to the ROS generation within the RAW 264.7 cells. Confocal microscope images were taken using the 488 nm laser (Figure 10B) for GQDs-hMSNs and the 561 nm laser (Figure 10C) for LysoTracker Red. The TD (Figure 10D) and merged (Figure 10E) images showed that the GQDs-hMSNs and LysoTracker Red are in the RAW 264.7 cells’ cytoplasm. This signified that the ROS generation came from the incubated GQDs-hMSNs, which were the main contributor to the cells’ decrease in viability.



Drug delivery via GQDs-hMSNs using FITC dye as a mock drug was also analyzed by confocal microscopy. Concentrations of 0, 50, 100, and 200 μg/mL GQDs-hMSNs@FITC were cultured with RAW 264.7 cells for 4 h. The results showed an increasing fluorescence signal with increasing concentration of GQDs-hMSNs@FITC (Figure 11A), confirming that FITC is being delivered by the GQDs-hMSNs. Lower concentrations, such as 100 μg/mL of the GQDs-hMSNs@FITC still adequately delivered the mock drug and yielded exceptional cell images (Figure 11B). Due to the increased toxicity of the GQDs-hMSNs above this concentration, lower amounts of the nanoparticles can still be effectively used as a drug carrier.





3. Methods and Materials


3.1. Materials and Sample Preparations


A Millipore water purification system (18.3 Ω cm) was used to produce DI-water. 3-(cyclohexylamine)-1-propanesulfonic acid (CAPS buffer, >99%), 2-(cyclohexylamino)ethanesulfonic acid (CHES buffer, >99%), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES buffer, 99.5%), citric acid (>99.5%), maleic acid (>99%), phosphate-buffered saline (PBS buffer, tablet), dimethyl sulfoxide (DMSO, >99.7%), triethanolamine (TEA, >99%), tetraethyl orthosilicate (TEOS, 98%), cetyltrimethylammonium chloride (CTAC, 25 wt. % in H2O), (3-aminopropyl)triethoxysilane (APTES, 99%), and cyclohexane (anhydrous, 99.5%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). RAW 264.7 cells cell line was purchased from ATCC (Manassas, VA, USA). Cell culture media, penicillin-Streptomycin and trypsin were purchased from Gibco (Waltham, MA, USA) 4% paraformaldehyde (PFA) was purchased from Electron Microscopy Sciences (Hatfield, PA, USA). Fetal bovine serum (FBS) was purchased from Peak Serum, Inc (Wellington, CO, USA). Fluoromount-G mounting media was purchased from Southern Biotech (Birmingham, AL, USA). 96-well plate, CyQUANTTM LDH Cytotoxicity Assay kit, Invitrogen LysoTracker TM Red DND-99, and To-Pro-3 were purchased from Thermo Fisher (Waltham, MA, USA). Cell culture plates were purchased from Greiner Bio one (Kremsmunster, Austrian). Lab-Tek II Chamber Slide system was purchased from Nalge Nunc International Corp. (Naperville, IL, USA). The Micro cover glass was purchased from Sargent-Welch VWR Scientific (Buffalo Grove, IL, USA). Olympus FV3000 Laser Scanning Confocal Microscope was purchased from Olympus Corporation (Shinjuku City, Tokyo, Japan). EXL800 microplate reader was purchased from Bio Tek (Winooski, VT, USA).



Buffers of maleic acid, citric acid, HEPES, CHES, and CAPS were prepared in 20 mM concentrations, and additional 10 mM PBS and citrate, in DI-water with the pH being adjusted by the addition of HCl or NaOH. Zeta potential and DLS samples were subjected to sonication for 5–10 min before analysis. For the drug delivery application of the GQDs-hMSNs, FITC was utilized as the mock drug. A 5.3 µM solution in DMSO was prepared for drug delivery applications. Degradation analysis was conducted in 10 mM PBS buffer, pH 6.5 and 7.0, to mimic a biological environment. The GQDs-hMSNs were added to both buffers, vortexed at 1000 rpm for 3 h at 37 °C for 6 days, and sampled on the first, third, and sixth day. Solutions were analyzed by DLS and TEM to confirm particle degradation over time.




3.2. Instrumentation Used for the Characterization and Analysis of GQDs-hMSNs


A Hitachi 7500 transmission electron microscope (TEM) was used to image the GQDs-hMSNs. A Malvern model of Nano-ZS Zetasizer was used to measure size distribution and the zeta potential. UV-Vis absorption was analyzed by a Perkin Elmer Lambda 1050 UV-250 UV/Vis/NIR spectrophotometer and the fluorescence spectra was acquired by a Shimadzu RF-6000 spectrophotometer. IR spectra of hMSNs, GQDs, and GQDs-hMSNs were collected on a Thermo Fisher Scientific Nicolet iS5 Fourier transform infrared spectrometer (FT-IR). A Benchmark MultiThermal (Cool—Heat—Shake) H5000-H vortex system was used to integrate of GQDs into the hMSNs. A PHI Model 10-360 electron spectrometer with non-monochromatized Al Kα (1486.3 eV) X-rays was used for X-ray photoelectron spectroscopy (XPS). An Olympus FV3000 Laser Scanning Confocal Microscope was used for the in vitro cell imaging of the GQDs-hMSNs with two channels being used for imaging: red (Fura-Red (Ca-free)) and green (Alexa 488).




3.3. Synthesis of GQDs-hMSNs


GQDs were synthesized as they were in previous experiments [67]. To summarize, 20 mg CBDA-2 [68] was dissolved in 20 mL DI-water with the pH adjusted to 10.0 using NH4OH to help CBDA-2 dissolve before autoclaving for 12 h at 200 °C. The resulting solution was then dialyzed for 12 h using a 100–500 Da membrane against DI-water.



hMSNs were synthesized first by mixing 24 mL of CTAC and 0.16 mL TEA into 40 mL of DI-water. CTAC and TEA were dissolved before 2.5 mL of solid silica suspension (prepared by the Stöber method) was added and transferred to a round bottom flask. Next, 20 mL of a 10 v/v% solution of TEOS in cyclohexane was added to the round bottom flask in an oil bath on reflux at 60 °C. After 12 h, 2.0 mL of 10 v/v% APTES in cyclohexane was added and the solution was stirred for another 3 h at 60 °C. Then, the heat was lowered to 50 °C and 120 mL of 0.2 M Na2CO3 was added and allowed to stir for 3 h. The flask was removed from the oil bath and the solution was centrifuged for 30 min at 12,000 rpm at 20 °C. The supernatant was discarded and the remaining solid was washed with 20 mL HCl/EtOH (1:10) solution three times to remove unreacted chemicals, particularly CTAC as it has great toxic effects to cells [69]. EtOH was added after the last washing step and placed back into a round bottom flask and heated in an oil bath until the EtOH reached a boil for 2–3 h. The final product of hMSNs was then dried completely to a solid for further use.



10 mg of hMSNs were added to 10 mL of DI-water and sonicated for 5 min to completely dissolve (1.0 mg/mL) and then filtered through a 0.1 µm syringe. Then, 1.0 mL of the filtered hMSNs was added to 1.0 mL of GQDs (0.2 mg/mL) and 3.0 mL of 20 mM HEPES buffer (pH 7.0) and mixed at 1000 rpm at 37 °C for 3 h before being dried at 60 °C to a solid.




3.4. Cell Toxicity


A total of 1.0 mL of 5.3 µM FITC (2.06 µg) was added to 1.0 mg GQDs-hMSNs in 4.0 mL of 20 mM HEPES buffer (pH 7.0) and vortexed at 1000 rpm for 3 h at 37 °C. The solution was then centrifuged at 10,000 rpm to separate any FITC not absorbed by the GQDs-hMSNs. Then, the particles were resuspended in 20 mM HEPES buffer pH 7.0 for absorption spectroscopy to quantify how much FITC was absorbed. Compared to the control, on average, 75% of FITC added was absorbed by the GQDs-hMSNs (GQDs-hMSNs@FITC).



Cell viability of GQDs-hMSNs was tested with CyQUANTTM LDH Cytotoxicity Assay kit. Briefly, the cells were plated into a 96-well plate overnight. A gradient concentration of GQDs-hMSNs (0, 1, 2, 5, 10, 20, 50, 100 and 200 µg/mL) was added into the wells. After 24 h incubation in a CO2 incubator at 37 °C, 10 µL of 10X Lysis buffer was added into 3 wells of 0 µg/mL group to serve as the maximum LDH controls. After 45 min, 50 μL aliquots of all groups were transferred to a new 96-well plate, mixed with 50 μL of the Reaction Mixture solution. After 30 min incubation at room temperature protected from light, 50 µL of Stop Solution was added to the wells, and the absorbance read using an EXL800 microplate reader to quantify cell viability.




3.5. Cell Imaging, PDT, and Drug Delivery


Cell imaging of GQDs-hMSNs or GQDs-hMSNs was investigated by adding 0, 100, and 200 µg/mL GQDs-hMSNs in to an 8-well slide chamber with cells inside. After a 4 h of incubation, the wells were rinsed with 1× PBS for 15 min 3 times, then fixed with 4% PFA for 15 min. After additional washes with PBS, To-Pro-3 was added to stain the nuclei for 15 min. After washing with PBS, the chamber was removed and the slide was covered with a cover slide by mounting medium. When dry, the slides were imaged using an Olympus FV3000 Laser Scanning Confocal Microscope.



PDT analysis of GQDs-hMSNs was conducted using a LysoTracker Red lysosome kit and LDH assay. For cell viability assays, cells were seeded into a 96-well plate and incubated overnight. GQDs-hMSNs were then added in concentrations of 0, 1, 2, 5, 10, 20, 50, 100 and 200 μg/mL and incubated for 4 h before being washed with 1× PBS buffer. The cells were then subjected to 785 nm laser irradiation for 30 min at 11.81 mW/cm2 and then incubated for another 24 h before analysis of the LDH assay kits. For confocal imaging, RAW 264.7 cells were seeded in an 8-well slide chamber and incubated overnight. After incubation with 200 µg/mL GQDs-hMSNs for 4 h, the cells were washed with 1× PBS buffer and after a 30 min incubation, fresh medium was added before for confocal imaging.





4. Conclusions


hMSNs were successfully synthesized using the Stöber method that allowed GQDs to be incorporated onto their surface via sonication to form 47.0 ± 19.0 nm GQDs-hMSNs for cell imaging and dual cancer treatment. The fluorescence characteristics of the GQDs-hMSNs were comparable to GQDs, showing pH sensitivity in acidic conditions, and zeta potential measurements showing particle agglomeration at pH 1.0–3.0, and concentration dependency. Particle degradation was investigated at pH 7.0, 6.5, 5.0, and 4.0 after being vortexed for 6 days at 1000 rpm, 37 °C. After 6 days, it was observed that the GQDs-hMSNs at pH 7.0 degrade at a slower rate compared to pH 4.0, indicating that the particles would degrade faster in cancer cells and would not linger in the patient to induce toxic effects.



The GQDs-hMSNs showed slight cytotoxic effects at 200 μg/mL, attributed to the hMSNs. With the fluorescence characteristics of the GQDs being maintained, the GQDs-hMSNs were successful absorbed by RAW 264.7 cells after 4 h of incubation to yield fluorescent in vitro images. Furthermore, RAW 264.7 cells were successfully imaged using the GQDs-hMSNs. However, higher concentrations of GQDs were needed as the 488 nm laser was out of range for optimal excitation of the GQDs-hMSNs. This issue can be addressed the last step of the synthesis by adding greater concentrations of GQDs to the hMSNs. Adding more GQDs to the GQDs-hMSNs will also aid in the toxicity analysis, as less GQDs-hMSNs need to be added to increase the fluorescence signal if a greater concentration of GQDs are attached. Furthermore, the hMSNs have shown great adaptability to the GQDs, and thus a higher concentration of GQDs can be added during the synthesis to increase their concentration for cell imaging without increasing the concentration of hMSNs to help reduce toxicity. PDT treatment was also successful using the GQDs-hMSNs, showing induced toxicity with increasing concentration as more 1O2 was generated. Additionally, the hMSNs also displayed excellent drug loading and release characteristics, utilizing FITC dye as the mock drug. RAW cells were incubated with the GQDs-hMSNs doped with FITC, and the resulting confocal images displayed excellent delivery of FITC into the cells.







Author Contributions


Conceptualization, data curation, methodology, writing—original draft preparation, writing—review and editing, S.R.; data curation, methodology, writing—review and editing, Y.W.; data curation, methodology, writing—review and editing, D.S.; data curation, methodology, writing—review and editing, C.M.; data curation, methodology, writing—review and editing, N.O.; resources, writing—review and editing, C.C.; writing—review and editing, resources, supervision, J.X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the NSF grant CHE 1709160 and NSF EPSCoR RII Track I Cooperative Agreement 1946202. Imaging studies were conducted in the UND Imaging Core facility supported by NIH grant P20GM113123, DaCCoTA CTR NIH grant U54GM128729, and UNDSMHS funds.




Data Availability Statement


The authors confirm that the data supporting the findings of this study are available within the article.




Acknowledgments


We would like to thank Qianli R. Chu (University of North Dakota) and Rahul Shahni (University of North Georgia) for their contribution of CBDA-2. We also thank William Reagen for his assistance in GQDs-hMSNs synthesis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209. [Google Scholar] [CrossRef]

	



Palesh, O.; Scheiber, C.; Kesler, S.; Mustian, K.; Koopman, C.; Schapira, L. Management of side effects during and post-treatment in breast cancer survivors. Breast J. 2017, 24, 167. [Google Scholar] [CrossRef]

	



Liu, Y.; Wang, X.; He, D.; Cheng, Y. Protection against chemotherapy-and radiotherapy-induced side effects: A review based on the mechanisms and therapeutic opportunities of phytochemicals. Phytomedicine 2021, 80, 153402. [Google Scholar] [CrossRef]

	



CDC. Cancer Patients: Diagnosis and Treatment|CDC. Available online: https://www.cdc.gov/cancer/survivors/patients/index.htm (accessed on 31 March 2022).

	



NIH. Side Effects of Cancer Treatment—National Cancer Institute. Available online: https://www.cdc.gov/cancer/survivors/patients/side-effects-of-treatment.htm (accessed on 31 March 2022).

	



Pucci, C.; Martinelli, C.; Ciofani, G. Innovative approaches for cancer treatment: Current perspectives and new challenges. Ecancermedicalscience 2019, 13, 961. [Google Scholar] [CrossRef] [PubMed]

	



Barroso-Sousa, R.; Tolaney, S. Clinical development of new antibody-drug conjugates in breast cancer: To infinity and beyond. BioDrugs 2021, 35, 159. [Google Scholar] [CrossRef]

	



Broadfield, L.; Pane, A.; Talebi, A.; Swinnen, J.; Fendt, S. Lipid metabolism in cancer: New perspectives and emerging mechanisms. Dev. Cell 2021, 56, 1363. [Google Scholar] [CrossRef]

	



Gavas, S.; Quazi, S.; Karpinski, T. Nanoparticles for cancer therapy: Current progress and challenges. Nanoscale Res. Lett. 2021, 16, 173. [Google Scholar] [CrossRef]

	



Jain, R.; Vithalani, R.; Patel, D.; Lad, U.; Modi, C.; Suthar, D.; Solanki, J.; Surati, K. Highly fluorescent nitrogen-doped graphene quantum dots (N-GQDs) as an efficient nanoprobe for imaging of microbial cells. Fuller. Nanotub. Carbon Nanostruct. 2021, 29, 588–595. [Google Scholar] [CrossRef]

	



Fan, Z.; Li, S.; Yuan, F.; Fan, L. Fluorescent graphene quantum dots for biosensing and bioimaging. RSC Adv. 2015, 5, 19773. [Google Scholar] [CrossRef]

	



Wang, Z.; Liu, Z.; Gu, B.; Gao, B.; Wang, T.; Zheng, X.; Wang, G.; Guo, Q.; Chen, D. Ultraviolet light-driven controllable doping of graphene quantum dots with tunable emission wavelength for fluorescence bio-imaging. Mater. Lett. 2020, 266, 127468. [Google Scholar] [CrossRef]

	



El-Shaheny, R.; Yoshida, S.; Fuchigami, T. Graphene quantum dots as a nanoprobe for analysis of o- and p-nitrophenols in environmental water adopting conventional fluorometry and smartphone image processing-assisted paper-based analytical device. In-depth study of sensing mechanisms. Microchem. J. 2020, 158, 105241. [Google Scholar] [CrossRef]

	



Su, J.; Zhang, X.; Tong, X.; Wang, X.; Yang, P.; Yao, F.; Guo, R.; Yuan, C. Preparation of graphene quantum dots with high quantum yield by a facile one-step method and applications for cell imaging. Mater. Lett. 2020, 271, 127806. [Google Scholar] [CrossRef]

	



Fan, H.; Yu, X.; Wang, K.; Yin, Y.; Tang, Y.; Tang, Y.; Liang, X. Graphene quantum dots (GQDs)-based nanomaterials for improving photodynamic therapy in cancer treatment. Eur. J. Med. Chem. 2019, 182, 111620. [Google Scholar] [CrossRef]

	



Tabish, T.; Scotton, C.; Ferguson, D.; Lin, L.; van der Veen, A.; Lory, S.; Ali, M.; Jabeen, F.; Ali, M.; Winyard, P.; et al. Biocompatibility and toxicity of graphene quantum dots for potential application in photodynamic therapy. Nanomedicine 2018, 13, 1923. [Google Scholar] [CrossRef] [PubMed]

	



Aggarwal, V.; Singh Tuli, G.; Varol, A.; Thakral, F.; Betul Yerer, M.; Sak, K.; Varol, M.; Jain, A.; Khan, A.; Sethi, G. Role of reactive oxygen species in cancer progression: Molecular mechanisms and recent advancements. Biomolecules 2019, 9, 735. [Google Scholar] [CrossRef] [PubMed]

	



Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy: The bright side of the moon. Exp. Mol. Med. 2020, 52, 192. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.; Wang, J.; Song, J.; Liu, Y.; Zhu, G.; Dai, Y.; Shen, Z.; Tian, R.; Song, J.; Wang, Z.; et al. Cooperation of endogenous and exogenous reactive oxygen species induced by zinc peroxide nanoparticles to enhance oxidative stress-based cancer therapy. Theragnostics 2019, 9, 7200–7209. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, X.; Du, J.; Gu, Z.; Zhao, Y. Reactive oxygen species—Regulating strategies based on nanomaterials for disease treatment. Adv. Sci. 2020, 8, 2002797. [Google Scholar] [CrossRef] [PubMed]

	



Sarbadhikary, P.; George, B.; Abrahamse, H. Recent advances in photosensitizers as multifunctional theranostic agents for imaging-guided photodynamic therapy of cancer. Theranostics 2021, 11, 9054. [Google Scholar] [CrossRef] [PubMed]

	



Mroz, P.; Yaroslavsky, A.; Kharkwal, G.; Hamblin, M. Cell death pathways in photodynamic therapy of cancer. Cancers 2011, 3, 2516. [Google Scholar] [CrossRef] [PubMed]

	



Choi, S.; Baek, S.; Chang, S.; Song, Y.; Rafique, R.; Lee, K.; Park, T. Synthesis of upconversion nanoparticles conjugated with graphene quantum dots and their use against cancer cell imaging and photodynamic therapy. Biosens. Bioelectron. 2017, 93, 267. [Google Scholar] [CrossRef]

	



Li, Z.; Wang, D.; Xu, M.; Wang, J.; Hu, X.; Sadat, A.; Tedesco, A.; Morais, P.; Bi, H. Fluorine-containing graphene quantum dots with a high singlet oxygen generation applied for photodynamic therapy. J. Mater. Chem. B 2020, 8, 2598. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Li, B.; Du, T.; Bu, H.; Tang, Y.; Huang, Q. Fluorescence imaging-guided cancer photothermal therapy using polydopamine and graphene quantum dot-capped Prussian blue nanocubes. RSC Adv. 2021, 11, 8420. [Google Scholar] [CrossRef]

	



Zhao, C.; Song, X.; Liu, Y.; Fu, Y.; Ye, L.; Wang, N.; Wang, F.; Li, L.; Mohammadniaei, M.; Zhang, M.; et al. Synthesis of graphene quantum dots and their application in drug delivery. J. Nanobiotechnol. 2020, 18, 142. [Google Scholar] [CrossRef] [PubMed]

	



Tian, P.; Tang, L.; Teng, K.; Lau, S. Graphene quantum dots from chemistry to applications. Mater. Today Chem. 2018, 10, 221–258. [Google Scholar] [CrossRef]

	



Yan, C.; Hu, X.; Guan, P.; Hou, T.; Chen, P.; Wan, D.; Zhang, X.; Wang, J.; Wang, C. Highly biocompatible graphene quantum dots: Green synthesis, toxicity comparison and fluorescence imaging. J. Mater. Sci. 2020, 55, 1198–1215. [Google Scholar] [CrossRef]

	



Malavika, J.; Shobana, C.; Sundarraj, S.; Ganeshbabu, M.; Kumar, P.; Selvan, R. Green synthesis of multifunctional carbon quantum dots: An approach in cancer theranostics. Biomater. Adv. 2022, 136, 212756. [Google Scholar] [CrossRef]

	



Liu, Q.; Zhou, Y.; Li, M.; Zhao, L.; Ren, J.; Li, D.; Tan, Z.; Wang, K.; Li, H.; Hussain, M.; et al. Polyethyleneimine hybrid thing-shell hollow mesoporous silica nanoparticles as vaccine self-adjuvants for cancer immunotherapy. ACS Appl. Mater. Interfaces 2019, 11, 47798. [Google Scholar] [CrossRef] [PubMed]

	



Möller, K.; Bein, T. Degradable drug carriers: Vanishing mesoporous silica nanoparticles. Chem. Mater. 2019, 31, 4364. [Google Scholar] [CrossRef]

	



Zhang, B.; Liu, Q.; Liu, M.; Shi, P.; Zhu, L.; Zhang, L.; Li, R. Biodegradable hybrid mesoporous silica nanoparticles for gene/chemo-synergetic therapy of breast cancer. J. Biomater. Appl. 2019, 33, 1382. [Google Scholar] [CrossRef]

	



Gao, F.; Wu, J.; Niu, S.; Sun, T.; Li, F.; Bai, Y.; Jin, L.; Lin, L.; Shi, Q.; Zhu, L.; et al. Biodegradable, pH-sensitive hollow mesoporous organosilica nanoparticle (HMON) with controlled release of Pirfenidone and ultrasound-target-microbubble-destruction (UTMD) for pancreatic cancer treatment. Theranostics 2019, 9, 6002. [Google Scholar] [CrossRef] [PubMed]

	



Lu, N.; Fan, W.; Yi, X.; Wang, S.; Wang, Z.; Tian, R.; Jacobson, O.; Liu, Y.; Yung, B.; Zhang, G.; et al. Biodegradable hollow mesoporous organosilica nanotheranostics for mild hyperthermia-induced bubble-enhanced oxygen-sensitized radiotherapy. ACS Nano 2018, 12, 1580. [Google Scholar] [CrossRef] [PubMed]

	



Liberman, A.; Mendez, N.; Trogler, W.; Kummel, A. Synthesis and surface functionalization of silica nanoparticles for nanomedicine. Surf. Sci. Rep. 2014, 69, 132. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Shen, S.; Kong, F.; Jiang, T.; Tang, C.; Yin, C. Effects of pore size on in vitro and in vivo anticancer efficacies of mesoporous silica nanoparticles. RSC Adv. 2018, 8, 24633. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Zhong, S.; Xu, L.; He, S.; Dou, Y.; Zhao, S.; Chen, P.; Cui, X. Mesoporous silica nanoparticles capped with graphene quantum dots as multifunctional drug carriers for photo-thermal and redox-responsive release. Micropor. Mesopor. Mater. 2019, 278, 130. [Google Scholar] [CrossRef]

	



Vallet-Regí, M.; Colilla, M.; Izquierdo-Barba, I.; Manzano, M. Mesoporous silica nanoparticles for drug delivery: Current insights. Molecules 2018, 23, 47. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Luo, Z.; Zhang, J.; Luo, T.; Zhou, J.; Zhao, X.; Cai, K. Hollow mesoporous silica nanoparticles facilitated drug delivery via cascade pH stimuli in tumor microenvironment for tumor therapy. Biomaterials 2016, 83, 51. [Google Scholar] [CrossRef]

	



Flak, D.; Przysiecka, L. GQDs-MSNs nanocomposite nanoparticles for simultaneous intracellular drug delivery and fluorescent imaging. J. Nanopart. Res. 2018, 20, 306. [Google Scholar] [CrossRef]

	



Dong, J.; Yao, X.; Sun, S.; Zhong, Y.; Qian, C.; Yang, D. In vivo targeting of breast cancer with a vasculature-specific GQDs/hMSN nanoplatform. RSC Adv. 2019, 9, 11576. [Google Scholar] [CrossRef]

	



Dong, J.; Zhang, Y.; Guo, P.; Xu, H.; Wang, Y.; Yang, D. GQDs/hMSN nanoplatform; singlet oxygen generation for photodynamic therapy. J. Drug Deliv. Sci. Technol. 2020, 61, 102127. [Google Scholar] [CrossRef]

	



Yang, D.; Yao, X.; Dong, J.; Wang, N.; Du, Y.; Sun, S.; Gao, L.; Zhong, Y.; Qian, C.; Hong, H. Design and investigation of core/shell GQDs/hMSN nanoparticles as an enhanced drug delivery platform in triple-negative breast cancer. Bioconjug. Chem. 2018, 29, 2776. [Google Scholar] [CrossRef]

	



Chen, F.; Gao, W.; Qui, X.; Zhang, H.; Liu, L.; Liao, P.; Fu, W.; Luo, Y. Graphene quantum dots in biomedical applications: Recent advances and future challenges. Front. Lab. Med. 2017, 1, 192. [Google Scholar] [CrossRef]

	



Wang, Z.; Scheuring, M.; Mabin, M.; Shahni, R.; Wang, Z.D.; Ugrinov, A.; Butz, J.; Chu, Q.R. Renewable cyclobutane-1,3-dicarboxylic acid (CBDA) building block synthesized from furfural via photocyclization. ACS Sustain. Chem. Eng. 2020, 8, 8909. [Google Scholar] [CrossRef]

	



Han, Y.; Lu, Z.; Teng, Z.; Liang, J.; Guo, Z.; Wang, D.; Han, M.; Yang, W. Unraveling the growth mechanism of silica particles in the Stöber method: In situ seeded growth model. Langmuir 2017, 33, 5879. [Google Scholar] [CrossRef]

	



Britannica. Available online: https://www.britannica.com/science/nanoparticle (accessed on 20 April 2022).

	



Bharti, C.; Nagaich, U.; Pal, A.; Gulati, N. Mesoporous silica nanoparticles in target drug delivery system: A review. Int. J. Pharm. Investig. 2015, 5, 124. [Google Scholar] [CrossRef]

	



Shang, L.; Nienhaus, K.; Nienhaus, G. Engineered nanoparticles interaction with cells: Size matters. J. Nanobiotechnol. 2014, 12, 5. [Google Scholar] [CrossRef]

	



Zhang, D.; Wei, L.; Zhong, M.; Xiao, L.; Li, H.; Wang, J. The morphology and surface charge-dependent cellular uptake efficiency of upconversion nanostructures revealed by single-particle optical microscopy. Chem. Sci. 2018, 9, 5260. [Google Scholar] [CrossRef]

	



Fröhlich, E. The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles. Int. J. Nanomed. 2012, 7, 5577. [Google Scholar] [CrossRef]

	



Sivasubramanian, M.; Chuang, Y.; Lo, L. Evolution of nanoparticle-mediated photodynamic therapy: From superficial to deep-seated cancers. Molecules 2019, 24, 520. [Google Scholar] [CrossRef]

	



Jovanovic, S.; Syrgiannis, Z.; Budimir, M.; Milivojevic, D.; Jovanovic, D.; Pavlovic, V.; Papan, J.; Bartenwerfer, M.; Mojsin, M.; Stevanovic, M.; et al. Graphene quantum dots as singlet oxygen producer or radical quencher—The matter of functionalization with urea/thiourea. Mater. Sci. Eng. C 2020, 109, 110539. [Google Scholar] [CrossRef]

	



Guo, H.; Qian, H.; Sun, S.; Sun, D.; Yin, H.; Cai, X.; Liu, Z.; Wu, J.; Jiang, T.; Liu, X. Hollow mesoporous silica nanoparticles for intracellular delivery of fluorescent dye. Chem. Cent. J. 2011, 5, 1. [Google Scholar] [CrossRef]

	



Asefa, T.; Tao, Z. Biocompatibility of mesoporous silica nanoparticles. Chem. Res. Toxicol. 2012, 25, 2265–2284. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Xie, H.; Zhang, Z.; Wen, B.; Cao, H.; Che, Q.; Guo, J.; and Su, Z. Applications and biocompatibility of mesoporous silica nanocarriers in the field of medicine. Front. Pharmacol. 2022, 13, 829796. [Google Scholar] [CrossRef]

	



Zhou, Y.; Chang, C.; Liu, Z.; Zhao, Q.; Xu, Q.; Li, C.; Chen, Y.; Zhang, Y.; Lu, B. Hyaluronic acid-functionalized hollow mesoporous silica nanoparticles as pH-sensitive nanocarriers for cancer chemo-photodynamic therapy. Langmuir 2021, 37, 2619. [Google Scholar] [CrossRef] [PubMed]

	



Croissant, J.; Brinker, C. Biodegradable silica-based nanoparticles: Dissolution kinetics and selective bond cleavage. Enzymes 2018, 43, 181. [Google Scholar]

	



Kong, M.; Tang, J.; Qiao, Q.; Wu, T.; Qi, Y.; Tan, S.; Gao, X.; Zhang, Z. Biodegradable hollow mesoporous silica nanoparticles for regulating tumor microenvironment and enhancing antitumor efficiency. Theranostics 2017, 7, 3276. [Google Scholar] [CrossRef]

	



Sukhanova, A.; Bozrova, S.; Sokolov, P.; Berestovoy, M.; Karaulov, A.; Nabiev, I. Dependence of nanoparticle toxicity on their physical and chemical properties. Nanoscale Res. Lett. 2018, 13, 44. [Google Scholar] [CrossRef]

	



Beganskiene, A.; Sirutkaitis, V.; Kurtinaitiene, M.; Juskenas, R.; Kareiva, A. FTIR, TEM and NMR investigations of Stöber silica nanoparticles. Mater. Sci. 2004, 10, 287. [Google Scholar]

	



Mehmood, Y.; Khan, I.; Shahzad, Y.; Khalid, S.; Asghar, S.; Irfan, M.; Asif, M.; Khalid, I.; Yousaf, A.; Hussain, T. Facile synthesis of mesoporous silica nanoparticles using modified sol-gel method: Optimization and in vitro cytotoxicity studies. Pak. J. Pharm. Sci. 2019, 32, 1805. [Google Scholar]

	



Rameli, N.; Jumbri, K.; Wahab, R.; Ramli, A.; Huyop, F. Synthesis and characterization of mesoporous silica nanoparticles using ionic liquids as a template. J. Phys. Conf. Ser. 2018, 1123, 012068. [Google Scholar] [CrossRef]

	



Fang, J.; Liu, Y.; Chen, Y.; Ouyang, D.; Yang, G.; Yu, T. Graphene quantum dots-gated hollow mesoporous carbon nanoplatform targetinging drug delivery and synergistic chemo-photothermal therapy. Int. J. Nanomed. 2018, 13, 5991. [Google Scholar] [CrossRef] [PubMed]

	



Yao, X.; Tian, Z.; Liu, J.; Zhu, Y.; Hanagata, N. Mesoporous silica nanoparticles capped with graphene quantum dots for potential chemo-photothermal synergistic cancer therapy. Langmuir 2017, 33, 591. [Google Scholar] [CrossRef] [PubMed]

	



Hao, N.; Jayawardana, K.; Chen, X.; De Zoysa, T.; Yan, M. One-step synthesis of amine-functionalized hollow mesoporous silica nanoparticles as efficient antibacterial and anticancer materials. ACS Appl. Mater. Interfaces 2015, 7, 1040. [Google Scholar] [CrossRef]

	



Reagen, S.; Wu, Y.; Liu, X.; Shahni, R.; Bogenschuetz, J.; Wu, X.; Chu, Q.; Oncel, N.; Zhang, J.; Hou, X.; et al. Synthesis of highly near-infrared fluorescent graphene quantum dots using biomass-derived materials for in vitro cell imaging and metal ion detection. ACS Appl. Mater. Inter. 2021, 13, 43952. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Elliot, Q.; Wang, Z.; Setien, R.; Puttkammer, J.; Ugrinov, A.; Lee, J.; Webster, D.; Chu, Q.R. Fufural-derived diacid prepared by photoreaction for sustainable materials synthesis. ACS Sustain. Chem. Eng. 2018, 6, 8136. [Google Scholar] [CrossRef]

	



Thiramanas, R.; Jiang, S.; Simon, J.; Landfester, K.; Mailänder, V. Silica nanocapsules with different sizes and physicochemical properties as suitable nanocarriers for uptake in T-cells. Int. J. Nanomed. 2020, 15, 6069–6084. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 14931 sch001 550] 





Scheme 1. Synthesis of GQDs-hMSNs using Stöber silica suspension and previously synthesized GQDs from biomass-derived material. 
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Figure 1. (A) TEM image of 80 µg/mL GQDs-hMSNs. (B) DLS of 32 µg/mL GQDs-hMSNs in DI-water after 5 min sonication. 
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Figure 2. Zeta potential of GQDs-hMSNs (32 µg/mL) in various pHs (maleate 1.0, citrate 3.0–5.0, HEPES 7.0, CHES 9.0, and CAPS 11.0). 
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Figure 3. FT-IR spectra of hMSNs (A), GQDs (B), and GQDs-hMSNs (C). Peaks are (a, blue) Si-O-H stretching, (b, green) Si-O-Si bending, (c, yellow) Si-OH vibration, (d, red) Si-O vibration, (e, pink) -OH, (f, purple) C=O, (g, orange) C-O/C-N, and (h, gray) C-H. 
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Figure 4. XPS high-resolution scans of (A) carbon, (B) nitrogen, and (C) silicon peaks in GQDs-hMSNs. The carbon peak shows C-O, C-Si, C-C and C-N bonds. The nitrogen peak is primarily NSi2Ox. Lastly, the silicon peak shows SiOx bonds. 
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Figure 5. (A) Absorption spectra of GQDs (100 µg/mL), hMSNs (10 µg/mL), and GQDs-hMSNs (10.8 µg/mL). (B) Excitation and emission spectrum of GQDs-hMSNs (10.8 µg/mL). (C) Concentration dependency of GQDs-hMSNs. (D) Changing excitation of GQDs-hMSNs (18 µg/mL). 
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Figure 6. GQDs-hMSNs with changing pH (maleate pH 1.0, citrate 3.0–5.0, HEPES 7.0, CHES 9.0, CAPS 11.0) of the GQDs-hMSNs (36 µg/mL). The same trend was observed for GQDs, where quantum dots quench at pH 1.0 but remain steady in the neutral pHs. 
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Figure 7. (A) DLS of 32 µg/mL GQDs-hMSNs particle degradation at pH 4.0 for 6 days. TEM images of particles at pH 4.0 after (B) day 1, (C) day 3, and (D) day 6. (E) DLS of 32 µg/mL GQDs-hMSNs particle degradation at pH 5.0 for 6 days. TEM images of particles at pH 5.0 after (F) day 1, (G) day 3, and (H) day 6. (I) DLS of 32 µg/mL GQDs-hMSNs particle degradation at pH 6.5 for 6 days. TEM images of particles at pH 6.5 after (J) day 1, (K) day 3, and (L) day 6. (M) DLS of 32 µg/mL GQDs-hMSNs particle degration at pH 7.0 for 6 days. TEM images of particles at pH 7.0 after (N) day 1, (O) day 3, and (P) day 6. 
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Figure 8. LDH assay cytotoxicity analysis of GQDs-hMSNs up to 200 μg/mL in RAW 264.7 cells. 






Figure 8. LDH assay cytotoxicity analysis of GQDs-hMSNs up to 200 μg/mL in RAW 264.7 cells.



[image: Ijms 23 14931 g008]







[image: Ijms 23 14931 g009 550] 





Figure 9. In vitro images of RAW 264.7 cells with GQDs-hMSNs. (A) 0, 100, and 200 μg/mL cell cultures with TO-PRO-3 labeled nucleus. (B) 200 μg/mL GQDs-hMSNs using the 488 nm laser showed a weak fluorescence signal. Transmitted (TD) and merged images depict the cell integration of GQDs-hMSNs in the cytoplasm. 
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Figure 10. PDT treatment of RAW 264.7 cells with GQDs-hMSNs. (A) LDH assay cytotoxicity analysis after 24 h treatment at different concentrations (0–200 μg/mL); (+), 785 nm laser irradiation; (−), no laser irritation. Confocal microscope images of LysoTracker Red with 200 μg/mL GQDs-hMSNs (B) 488 nm laser, (C) 561 nm laser, (D) TD, (E) merged. 
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Figure 11. In vitro images of RAW 264.7 cells with GQDs-hMSNs doped with FITC dye as the mock drug. (A) 0, 50, 100, and 200 μg/mL cell cultures with TO-PRO-3 labeled nucleus. (B) 100 μg/mL GQDs-hMSNs with FITC. 
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