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Abstract 

 Red and near infrared emission is a highly desirable feature for fluorescent nanoparticles in biological 

applications mainly due to longer wavelengths more easily being able to deeply penetrate tissues, organs, skin, and 

other organic components while less autofluorescence interference would be produced. Additionally, graphene 

quantum dots (GQDs) that contain unique optical and electrical features have been targeted for their use in cell labeling 

applications as well as environmental analysis. Their most desirable features come in the form of low toxicity and 

biocompatibility; however, GQDs are frequently reported to have blue or green emission light and not the more 

advantageous red/NIR emission light. Furthermore, porphyrins are a subgroup of heterocyclic macrocycle organic 

compounds that are also naturally occurring pigments in nature that already contain the desired red-emission 

fluorescence. Therefore, porphyrins have been used previously to synthesize nanomaterials and for nanoparticle 

doping in order to incorporate the red/NIR emission light property into particles that otherwise do not contain the 

desired emission light. Meso-tetra(4-carboxyphenyl)porphine (TCPP) is one type of porphyrin with a large conjugated 

π-electron system and four carboxyl groups on its exterior benzene rings. These two key characteristics of TCPP 

makes it ideal for incorporation into GQDs as it would design and synthesize red-emissive material as well as give 

rise to excellent water solubility. In this work, TCPP is used in tangent with cis-cyclobutane-1,2-dicarboxylic acid 

(CBDA-2), a biomass derived organic molecule, to synthesize “green” porphyrin-based graphene quantum dots 

(PGQDs) with red-emission. The obtained PGQDs were characterized by various analytical methods Utilizing TEM, 

HRTEM, and DLS the size distribution of the particles was determined to be 7.9 ± 4.1, well within the quantum dot 

range of 2-10 nm. FT-IR, XPS, and XRD depicted carbon, nitrogen, and oxygen as the main elemental components 

with carbon being in the form of graphene and the main porphyrin ring of TCPP remaining present in the final PGQDs 

product. Lastly, absorption and fluorescence spectroscopy determined the excitation wavelength at 420 nm and the 

emission at 650 nm which was successfully utilized in the imaging of HeLa cells using confocal microscopy. 
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1. Introduction 

 Graphene quantum dots (GQDs) are a subset of semiconductor carbon-based nanoparticles that are defined 

by their size limitation, being 2-10 nm in diameter.1,2 GQDs contain unique optical and electrical features that are 

attributed to the sp2-hybridized carbon atoms within the lattice of the GQDs which allows them to have a π-conjugated 

system.3 This property allows GQDs to be utilized primarily in biological, biomedical, and biosensing fields of study. 

More specifically, their unique quenching properties enable them to be used for environmental analysis as well as 

biological, typically in the form of trace molecules, metal ions, cation, and anion detection.4-7 Additionally, their 

carbon-based makeup of graphene gives GQDs a low cytotoxicity, further enhancing their use in biological matrices 

and cell imaging applications. However, GQDs have been reported to typically have blue or green emission light7-9, 

which is not optimal for cellular imaging, as shorter wavelength emission light cannot as effectively penetrate tissues, 

organs, skin, etc. in a biological setting due to light scattering.10 Red or near infrared (NIR) emission light is a more 

suitable option for biological imaging, especially for in vitro and in vivo confocal microscopy.10,11 However, as 

previously stated, GQDs and carbon-based nanomaterials are scarcely reported to be synthesized to have a red or NIR 

emission light.12 Therefore, researchers have investigated alternative synthesis methods to address this issue and give 

new GQDs a longer wavelength emission. One such method involves doping GQDs with other elements (nitrogen13, 

metals14,15, etc.) or other nanoparticles16.  

Subsequently, a subgroup of organic molecules that have recently become of interest are porphyrins which, 

much like GQDs, have unique optical, electrical, and biological properties. Porphyrins are a class of heterocyclic 

macrocycle organic compounds that are commonly found in nature such as in redox active enzymes like hemoglobin 

and cytochromes as well as in plant photosynthetic apparatuses.17 In recent history, porphyrin-based materials have 

primarily been used for chemical and ion sensing18, photocatalysis19, light harvesting20, and photothermal therapy21,22. 

Porphyrins naturally contain red-emissive fluorescence making them useful for biological imaging applications, 

however, like other fluorescent dyes, porphyrins lack photostability for prolonged imaging analysis as well as contain 

self-quenching problems.23  

To overcome the poor photostability of porphyrins, in combination with an additional photostable carbon 

molecule may be useful. Cis-3,4-di(furan-2-yl)cyclobutane-1,2-dicarboxylic acid (CBDA-2) was used previously and 

successfully synthesized GQDs with exceptional photostability and cytotoxicity, however, it contained the common 



emission peak of 440 nm and therefore did not contain the desired red-emission.24 Considering the above mentioned 

properties of porphyrins and CBDA-2, the goal of this research is to develop porphyrin-based graphene quantum dots 

(PGQDs) for enhanced red-emission nanomaterial for bioimaging and metal ion detection applications. Meso-tetra(4-

carboxyphenyl)porphine (TCPP) is one type of porphyrin with a large conjugated π-electron system and four carboxyl 

groups on its exterior benzene rings. Given that TCPP has successfully been used previously to nanomaterial 

synthesis23 and biological imaging25 and sensing26 applications, here, TCPP has also been selected for the porphyrin 

of choice, while the main carbon contribution will be supplied from biomass-derived CBDA-2 to form PGQDs. 

Additionally, utilizing CBDA-2, a biomass-derived molecule due to it being derived from furfural27, makes this 

process a synthetically green reaction and the resulting environmentally friendly PGQDs.  

2. Experimental 

2.1. Materials 

3-(Cyclohexylamino)-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%), meso-tetra(4-carboxyphenyl)porphine (TCPP). FeCl3, Pb(Ac)2·3H2O, and CuSO4 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). HgCl2 was purchased from ACROS Organics (Fair Lawn, 

NJ, USA). Micro cover glass and FeSO4·7H2O was purchased from Sargent-Welch VWR Scientific (Buffalo Grove, 

IL, USA).   Fluorescein dye along with ammonium hydroxide (99%) and 96-well plate were purchased from Fisher 

Scientific (Hampton, NG, USA). CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (showed as LDH assay in 

following sections) was purchased from Promega (Madison, WI, USA). Deionized (DI) water was produced by a 

Millipore water purification system (18.3 Ω · cm). HeLa 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 was purchased from Thermo Fisher Scientific 

(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). 



2.2. Sample solution preparation 

The buffer solutions of CAPS, CHES, HEPES, citric acid, and maleic acid were prepared in concentrations 

of 20 mM and the pHs of 1.0, 3.0, 5.0, 7.0, 9.0, and 11.0 were adjusted by the addition of NaOH or HCl. For 

experiments of investigating photostability, dynamic light scattering, and zeta potential measurements, samples were 

sonicated for 10 - 30 min before analysis. For the detection of metal ions, 1.0 mM solutions of CuSO4, FeCl3, FeSO4, 

Pb(Ac)2, and HgCl2 were prepared in DI-water for further dilutions as needed. 

2.3. Instrumentation for the characterization of porphyrin-based GQDs 

A Perkin Elmer Lambda 1050 UV-250 UV/Vis/NIR spectrophotometer was used for the UV-Vis absorption 

measurements of the PGQDs. The fluorescence spectra and photostability measurements were acquired by a Shimadzu 

RF-6000 spectrophotometer. A Marlvern model of Nano-ZS Zetasizer was used to measure size distribution of the 

PGQDs as well as the zeta potential at various pHs. A Thermo Fisher Scientific Nicolet iS5 Fourier transform infrared 

spectrometer (FT-IR) was utilized to obtain the IR spectra of PGQDs, TCPP, CBDA-2 and the GQDs. A Hitachi 7500 

Transmission Electron Microscope (TEM) and a JEOL JEM-F200 High-resolution Transmission Electron Microscope 

(HRTEM) were used for particle imaging. Powder X-ray diffraction (XRD) measurement was conducted on a Rigaku 

SmartLab X-ray diffractometer at a scan rate of 4 °/min with Cu Kα irradiation (λ = 0.15418) at an accelerating voltage 

of 40 kV and a tube current of 44 mA. The fine powder sample was loaded on a zero-background silicon wafer sample 

holder. An Olympus FV1000 MPE Basic Multiphoton Microscope was used for in vitro confocal imaging. HeLa cells 

were cultured over night with gradient concentrations of the PGQDs for in vitro imaging and cytotoxicity analysis. A 

ELX800 plate reader was used for the cell viability experiments using the protocol of CytoTox 96 Non-Radioactive 

Cytotoxicity Assay kit. 

2.4. Synthesis of PGQDs 

16.0 mg of CBDA-2 and 12.5 mg of TCPP were dissolved in 15.0 mL of DI-water and 100 µL of 

ethylenediamine before sonication for 30 min. The resulting solution was then autoclaved for 12 h at 200 °C. After 

those 12 h the solution was removed and allowed to cool to room temperature before filtration using a 0.22 μm syringe 

filter and then dialyzed for 3 days using a 500-1000 Da membrane against DI-water. When exposed to UV light, the 

PGQDs solution visibly showed red-emission light compared to GQDs blue-emission. 



2.5. Quantum yield measurement 

The quantum yield of the PGQDs (650 nm) peak in HEPES buffer pH 7.0 was calculated against quinine 

sulfate in 0.1 M H2SO4 (Φ𝑠𝑠𝑠𝑠 of 0.54) and FITC in 0.1 M NaOH (Φ𝑠𝑠𝑠𝑠 of 0.79) as both were used as the standard 

reference.28 Calibration curves of fluorescence intensity vs absorbance for the PGQDs and standard references were 

generated and, utilizing Equation 1 below, the quantum yield of PGQDs was calculated to be 46.6% against both 

standards; where Φ𝑥𝑥 is the fluorescence quantum yield of the PGQDs, Φ𝑠𝑠𝑠𝑠 is the quantum yield of the standard, 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑥𝑥  

and 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠  are the gradients of the calibration curve fluorescence intensity vs absorbance for the PGQDs and 

standards, respectively. 𝜂𝜂𝑥𝑥 and 𝜂𝜂𝑠𝑠𝑠𝑠 are the refractive index of the solvents for the PGQDs and standards. This is an 

exceptional quantum yield for graphene-based quantum dots, and additionally acceptable for PGQDs as well. 

Φ𝑥𝑥 = Φ𝑠𝑠𝑠𝑠 �
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑥𝑥
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠

� �𝜂𝜂𝑥𝑥
2

𝜂𝜂𝑠𝑠𝑠𝑠
2 �                                                                                                                                       (Eq. 1) 

2.6. Cell toxicity and imaging experiments 

The viability of cells exposed to PGQDs was tested with a CytoTox 96® Non-Radioactive Cytotoxicity 

Assay kit. Briefly, the cells were incubated with PGQDs in a 96-well plate overnight. A gradient concentration of 

PGQDs (0, 1, 5, 10, 20, 50, 100, and 200 µg/mL) was added into the wells. After 24 h, 50 μL aliquots of media from 

all groups were transferred to a new 96-well plate and mixed with 50 μL of the CytoTox 96 Reagent solution. After a 

30 min incubation in the dark, 50 μL of the Stop Solution were added to the wells and viability was assessed by reading 

absorbance at 490 nm.  

HeLa cells were plated into an 8-well chamber slide overnight for in vitro imaging. 20 mg/mL PGQDs were 

added into different wells for 3 h while a control was prepared for each sample. Then the slide was washed with PBS 

and the cells were fixed with 4% paraformaldehyde (PFA). The chamber wells were removed, and the slide was 

coverslipped for imaging 

3. Results and Discussions 

3.1. Design of the PGQDs  

 A key component of this synthesis is using a biomass-derived molecule, making the product synthetically 

“green” and environmentally friendly. CBDA-2 was successfully derived from hemicellulose taken from agriculture 

corn waste products through a serious of chemical reactions including Knoevenagel condensation and blacklight 







complications arose with HRTEM imaging as the carbon-based PGQDs were set against a carbon mesh, resulting in 

the smaller particles fading into the background and becoming difficult to accurately measure the lattice size. To 

confirm the graphene lattice, XRD of the PGQDs was analyzed, which will be discussed later. 

With the HRTEM carbon-mesh imaging complications, and after seeing some agglomeration of the PGQDs 

in the TEM images, the particles were analyzed by DLS at various concentrations with various sonication times in 

order to optimize conditions for minimal agglomeration and more accurate determine particle size distribution. 

Ultimately, it was found that the sonication time was proportional to the concentration of PGQDs. Lower 

concentrations required less sonication time. If sonication was prolonged, the PGQDs would agglomerate. 

Concentrations of 5.0 µg/mL only required 5 min of sonication to limit agglomeration, however, exceeding 10 min of 

sonication showed a drastic increase in agglomeration. The same was true of higher concentrations, such as 30 µg/mL, 

which required a minimum sonication time of 30 min, but could not exceed 60 min without showing the same drastic 

increase in agglomeration. The optimal conditions for PGQDs to limit agglomeration was 5-30 µg/mL with 

proportional sonication times, not exceeding 60 min for the highest concentration (Figure 2C). The average particle 

size utilizing DLS was 7.9 ± 4.1 nm which is consistent with the observable particles in both the TEM and HRTEM 

images. 

















fluorescence confocal microscopy using the Alexa 488 channel. Control HeLa cells with no PGQDs were imaged 

(Figure 10A) along with the brightfield image of the cells demonstrating minimal basal autofluorescence (Figure 10B). 

However, the HeLa cells with PGQDs (Figure 10C) demonstrated robust staining verifying cellular uptake of the 

PGQDs. Brightfield imaging verified an intact morphologic phenotype of the PGQDs treated cells consistent with no 

toxicity at this concentration (Figure 10D).   

 

 

 

 

 

Lastly, with porphyrins being known to be sensitive to metal ions42-46, various metal ions were tested to 

ensure that the natural concentration of metals in biological systems would not interfere with the fluorescence intensity 

of the PGQDs. Metal ions of Fe3+, Fe2+, Cu2+, Pb2+, and Hg2+ were analyzed at concentrations of 1, 5, 10, and 50 µM 

(Figure 11). Fe3+ and Fe2+ showed the least quenching up to 50 µM. Pb2+ showed the most linear decrease in 

fluorescence intensity with increasing concentrations. Cu2+ showed the greatest quenching, dropping to less than 50% 

of the original fluorescence intensity at 5.0 µM, and was completely quenched at 50 µM. Hg2+ only slightly decreased 

up to 10 µM but then quenched to 40% fluorescence intensity with 50 µM. However, with no significant quenching 

with the lowest concentration of metal ions (1.0 µM), it is safe to confirm that the natural concentrations of metal ions 

in biological systems would not significantly impact the fluorescence intensity of the PGQDs negatively. 

Figure 10: (A) HeLa cells with no PGQDs. (B) Brightfield of blank HeLa cells. (C) 20 μg PGQDs incubated with HeLa 
cells. (D) Brightfield of PGQDs with HeLa cells.  

(A) (B) (C) (D) 



 



of PGQDs incubated with HeLa cells showed exceptional particle integration into the cells that resulted in clear images 

for cell staining applications.  
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