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ABSTRACT: Carbon dot (CD) nanoparticles offer tremendous
advantages as fluorescent probes in bioimaging and biosensing;
however, they lack specific affinity for biomolecules, limiting their
practical applications in selective targeting. Nanoparticles with
intrinsic affinity for a target have applications in imaging,
cytometry, therapeutics, etc. Toward that end, we report the
transferrin receptor (CD71) targeting CDs, synthesized for the first
time. The formation of these particles is truly groundbreaking, as
direct tuning of nanoparticle affinity was achieved by simple and
careful precursor selection of a protein, which has the targeting
characteristic of interest. We hypothesized that the retention of the
original protein’s peptides on the nanoparticle surface provides the
CDs with some of the function of the precursor protein, enabling
selective binding to the protein’s receptor. This was confirmed with FTIR (Fourier transform infrared) data and subsequent affinity-
based cell assays. These transferrin (Tf)-derived CDs have been shown to possess an affinity for CD71, a cancer biomarker that is
ubiquitously expressed in nearly every cancer cell line due to its central role mediating the uptake of cellular iron. The CDs were
tested using the human leukemia cell line HL60 and demonstrated the selective targeting of CD71 and specific triggering of
transferrin-mediated endocytosis via clathrin-coated pits. The particle characterization results reflect a carbon-based nanoparticle
with bright violet fluorescence and 7.9% quantum yield in aqueous solution. These unpresented CDs proved to retain the functional
properties of the precursor protein. Indicating that this process can be repeated for other disease biomarkers for applications ranging
from biosensing and diagnostic bioimaging to targeted therapeutics.

■ INTRODUCTION
Traditional methods of affinity-based sensing and imaging
frequently utilize multicomponent probes with a biorecogni-
tion element to detect the analyte of interest. Typically, the
recognition molecules of choice are antibodies, other proteins,
or aptamers.1−3 The resulting affinity biomoieties are most
commonly comprised of antigen−antibody, DNA-oligonucleo-
tides, or conjugated protein−protein complexes.4 Affinity
biosensors must be selective and stable in order to form an
analyte−receptor complex where a measurable signal can be
detected.3,4 Antibodies (∼150 kDa) are currently the gold
standard for clinical-assay-based detection methods. However,
antibodies are limited by their stability, bulky size, and inability
to interact with intracellular targets. These factors result in a
subsequent reduction of sensitivity for the target biomolecule.
Antibodies and aptamers are subject to enzymatic cleavage and
degrade swiftly in biological systems when in contact with
proteases and nucleases, respectively.5,6 Antibodies are also
sensitive to changes in pH, salinity, temperature, glycosylation,
light exposure, and agitation.7 Stability within a biological
environment is especially an issue when conjugating the
antibody to a nanoparticle or drug, where studies indicate that
antibody conjugates are even less stable than the unchanged

antibody protein.8 The main benefit of antibodies is their near
unparalleled target specificity; however, once bound the
antibody−antigen complex is near irreversible, excluding high
sensitivity.9 This is by design; antibodies have evolved to tag
antigens to alert specialized immune cells. As such, antibodies
are difficult to use for the continuous measurement of real
samples.

Most protein−protein interactions of interest occur intra-
cellularly. Antibodies have been used to visualize protein
interactions and targets for cancer diagnostics and research.
However, the cell membrane impermeability of antibodies
limits the feasibility of intracellularly targeted therapeutics and
diagnostics. Therefore, antibody-based sensing is almost
exclusively limited to cell surface proteins, which accounts
for less than 1% of protein−protein interactions.10 While
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certain cell processes, such as endocytosis, can be exploited to
get antibodies into a cell, once there the protease-rich
environment results in degradation of the antibody, or
antibody-complex linkage.6,11 Moreover, conjugating drugs or
nanomaterial to an antibody can affect the stability and affinity
of the recognition molecule.8,12 The coupling of an antibody or
aptamer to a nanoparticle results in a physical space being
inserted between the fluorophore and the targeted biomole-
cule. Affinity biomolecules such as antibodies can range from
10 nm to over 40 nm in size, which negatively impacts the
resulting resolution of super-resolution fluorescence micros-
copy images captured using these types of probes.13

A cutting-edge solution for such technical hindrances will
require a biosensing and luminescent nanoparticle that
possesses innate selectivity for a target biomolecule without
the restrictions of conventional conjugation-based sensing
techniques. One such nanoparticle is the carbon dot (CD),
which is a type of quantum dot typically 1−10 nm in diameter
and has been shown to possess surface chemistry and chemical
function similar to that of its carbon precursor.14,15 Fluorescent
CDs derived from proteins have also been shown to have
sensing capabilities.16 Recently, our lab has developed and
reported a novel synthesis process where fibronectin-derived
photoluminescent CDs selectively bound to breast cancer cells’
extracellular matrix where the fibronectin receptor, integrin
α5β1, resides.17 The success of the fibronectin-derived affinity
CDs indicates that more protein based affinity CDs could be
synthesized using our method to produce particles that can
target a plethora of biomarkers of interest.

Transferrin-mediated endocytosis is a cellular uptake
pathway of interest due to its ability to internalize material
and the high expression of the transferrin receptor (CD71) in
most cancer cell lines.18 Transferrin is an 80 kDa glycoprotein
whose primary function is to bind ferric iron circulating in the
body and then transport and deliver the iron into cells. Iron is
an essential metal cofactor used by numerous proteins that
mediate important cell processes such as cellular respiration,
DNA synthesis, and proliferation.19 Transferrin selectively
binds to CD71, triggering transferrin-mediated endocytosis
(Figure 1). This is the primary mechanism of iron uptake for
cells. Due to iron’s important functions in cell growth, cancer
cells have an increased demand for iron. As such, higher
expression of CD71 is seen in malignant cells, and CD71 levels
have been correlated to level of malignancy.18,20 Benign and
cancerous cells have differing levels of CD71 expression with
some cancer cell lines exhibiting several hundred-fold higher
levels of CD71 expression.19

In the past few years, several publications have begun to
report using proteins and other biomass carbon precursors
during the synthesis. There are dozens of biological based
reported precursors ranging from proteins such as bovine
serum albumin (BSA) to plants such as Tinospora cordifolia to
food-based products such as milk.21−23 In overwhelming
majority of cases, the biomass carbon source was used in large
part due to the environmentally friendly nature of the carbon
precursor for bioimaging applications.24 In several studies, it
was noticed that by varying the carbon precursor, the resulting
CD selectivity was subsequently changed. Studies done by Liu
et al. have reported that by varying the biological sources, CDs
were synthesized with intrinsic selectivity for various metal
ions.25 Charkaborty et al. reported using hemoglobin-derived
CDs to sense H2O2.

26 Oftentimes, the rationale for selecting a
precursor is not given.

There is, therefore, a largely unexplored area of rational
design used in CD research where precursors are carefully
selected based on known affinity. Several researchers are
beginning to explore this new area of predesigned CD affinity
where Li et al. reported using amino acids found known to be
antimicrobial in order to develop antimicrobial CDs.27 There is
a need to bridge the understanding that CDs can retain the
original precursor functionality and the thousands of cancer
biomarkers that can be targeting by utilizing ligands with
specific affinity for the biomarker of interest. While under-
standing which biological carbon precursors facilitate affinity
CDs of interest is certainly a gap in the knowledge that
requires deep exploration, the focus of this publication is to
bring the knowledge gained in metal and chemical sensing CD
research to the benefit of targeted cancer biosensing and
ideally targeted therapeutics.

We have designed and developed a simple yet innovative
affinity CD that possesses intrinsic selectivity and specificity for
CD71 by synthesizing for the first time a nanoparticle with
transferrin protein as the carbon precursor. Here, we examine
the properties and CD71 selectivity of transferrin-derived
carbon dots along with their potential to be used in biosensing
applications. First, we synthesized the nitrogen-doped nano-
particles out of transferrin protein, and then we purified the
particles and characterized the chemical and physical proper-
ties of the resulting nanomaterial. Finally, we confirmed
receptor affinity via two different cell-based assays using the
HL60 human leukemia cell line.

The affinity of the Tf-derived CDs is believed to be due to
the retention of transferrin amino acid sequence functional
groups, enabling active selective binding to the CD71 receptor
and triggering CD71-mediated endocytosis. Previous literature
supports the hypothesis that carbon precursor properties are
retained by the subsequent CD formation due to incomplete

Figure 1. Process of transferrin-mediated endocytosis. Each trans-
ferrin protein binds two ferric ions and then binds to CD71. This
triggers cell membrane invagination and formation of clathrin-coated
pits. The vesicles coated in the clathrin protein then pinch off the
membrane and move the transferrin-CD71 complex into the cell. The
clathrin coat in the vesicle is degraded, leaving the complex in an
endosome. A reduction in pH to 5.5 causes transferrin to lose its
affinity for the ferric ions, which are then released into the cell, and
the transferrin either is recycled back out of the cell or is sent along
the transferrin degradation pathway. The transferrin-CD71 recycling
pathway is depicted here, as it is the most common route. This is the
primary mechanism of iron uptake into cells.
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carbonization enabling inherent selectivity of the CD.28−30

Since only 8.2 mg of protein is used in the synthesis, and the
amount of carbon precursor can vary based on total sample
volume needs, this synthesis method is consistent with other
cost-effective and economical nanoparticle synthesis meth-
ods.31−33 We foresee this new type of nanoparticle to be an
attractive alternative for traditional biosensing recognition
molecules, such as antibodies or conjugated nanoparticles.
These protein-derived affinity CDs offer nearly limitless
customization as the physical and chemical properties of the
particles such as affinity, size, doped heteroatoms, fluorescence
intensity, and emission wavelength can all be directly tuned for
whatever application required of the CD.

■ RESULTS AND DISCUSSION
Protein-Derived Carbon Dot Size and Morphology.

Transmission electron microscopy (TEM) was conducted to
confirm the CD formation. The TEM images showed
abundant material with sizes and morphology consistent with
CDs.34 The average size of the CDs is 13 nm, with a size range
of 5−32 nm (Figure 2). These particles range in size from
qualifying as a carbon dot (<20 nm) to entering the size range
of a small nanoparticle (>20 nm).15 The larger size of these
protein-derived nanoparticles, compared to those of other CDs
reported, might be due to the size of the carbon precursor. We
implemented the “bottom-up” synthesis method for manu-
facturing affinity carbon dots. The “bottom-up” technique
utilizes smaller molecules that are fragmented then chemically
assembled into carbon nanostructures resulting in a high-yield
of particles.35 However, the size of more commonly used
organic small molecules for carbon dot synthesis, such as citric
acid (192.124 g/mol) or glucose (180.156 g/mol), is much
less than other precursors such has proteins like transferrin (80
kDa).36−38 Therefore, the larger carbon precursor could result
in a larger average particle diameter due to there being more
initial material, in terms of mass, during the synthesis process.
We hypothesize that some amount of the large size we observe
in the TEM is due to the presence of the original protein’s
peptides retained in the structure and on the surface of the
CDs. Nanoparticles conjugated to peptides have been known

to drastically increase in size, indicating that peptide surface
chemistry can impact overall particle diameter.39,40

The larger diameter of these protein-derived affinity CDs
may have an additional benefit over other quantum dots or
small molecules when targeting CD71 because receptor-
mediated endocytosis requires a membrane wrapping process
triggered by an affinity ligand binding to the receptor.
However, thermodynamics limit the size of the particle that
can efficiently prompt membrane wrapping processes.41−43 For
spherical nanoparticles, this enthalpic limit is about 30 nm,
where particles smaller than this cannot efficiently drive the
membrane wrapping processes of endocytosis. Additionally,
nanoparticles larger in diameter than 60 nm are hindered from
effective cellular uptake due to binding to a vast quantity of
receptors and prohibiting multiple nanoparticles binding and
triggering receptor-mediated endocytosis at the receptor of
interest.44 In general, in vitro cell assays indicate that optimal
receptor-mediated particle internalization occurs within the
10−60 nm range.42,45−47 Thus, small molecules and quantum
dots below 10 nm in size are unable to trigger most cell uptake
pathways.42,44 The CD71 affinity CDs described here are well
within this optimal cell uptake size range and should, therefore,
more efficiently bind to CD71 and trigger receptor-mediated
endocytosis than small molecules, peptides, or quantum dots.
Chemical Composition of Transferrin Carbon Dots.

Nitrogen doping of the nanomaterial was confirmed with an
SEM equipped with EDS capabilities. We see strong peaks
confirming the presence of carbon and nitrogen, with a
moderate peak indicating some oxygen present in the sample.
The nitrogen content in the sample nearly rivals that of carbon
in weight percent. This is a much higher proportion of
nitrogen into the carbon skeleton than seen in other protein-
derived CD samples manufactured via 700 W of microwave
radiation.17 Our hypothesis is that there is an energy barrier
that the nitrogen must overcome in order to be inserted into
the carbon core. The higher temperature of the oven overcame
this energy barrier and made the process of heteroatom doping
into protein CDs more efficient. The SEM images in Figure S2
show homogeneous distribution of all the carbon, oxygen, and
nitrogen species. Some regions of the sample also yielded trace
elements, such as iron and sulfur (Figure S2). The trace levels

Figure 2. (A) TEM image of transferrin-derived carbon dots on a 3 nm carbon substrate. Size and morphology consistent with CD formation
indicating successful synthesis of carbon nanoparticles. (B) Histogram of transferrin protein-derived carbon dots’ size range. The diameters vary in
size from 5 to 32 nm, with the average diameter being 13 nm.
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of sulfur are thought to be from the disulfide bonds found in
the transferrin protein.

FTIR-ATR was conducted on the transferrin-derived carbon
dots (Figure 3C). An intense peak at 1600−1585 cm−1

designates the aromatic C−C bend, and 1680−1640 cm−1

labels the aromatic C�C bond. Both peaks confirm a
graphene lattice core. A broad peak at 2800−3500 cm−1

indicates the presence of an O−H stretch found in carboxylic
acids. Moderate peaks show primary amine N−H stretches at
3400−3300 cm−1 and 3330−3250 cm−1. The presence of
primary amines and carboxylic acids suggests that amino acids
might be present on the nanoparticles as each amino acid
sequence begins and is terminated by the primary amine and
carboxylic acid. Additional peaks such as the C−N aromatic
amine stretch at 1340−1260 cm−1, the C�O stretch at 1650−
1850 cm−1, the C−H aromatic stretch at 3030 cm−1, and the
C−H stretch at 2800 cm−1 are all found in various amino acid
structures.

The zeta potential of the CDs suspended in DI water was
determined to be about −9.7 mV−1 after 10 min of
measurement. It can be seen in Figure 3D that the zeta
potential of the nanoparticles started around −12.5 mV−1 and
over the next 10 min evened out to a −9.7 mV−1. The current
hypothesis for the small zeta potential is that the number of
primary amines far exceeds the number of carboxylic acids
found on the surface of the carbon dot. The EDS data indicate
that a much larger weight % of the bulk material is made up of
nitrogen rather than oxygen, leading to a small negative charge
on the particle instead of a larger negative charge (Figure

3A,B). Zeta potentials can be used to determine the stability of
particles in a solution. High zeta potentials, either positive or
negative, result in a stable mixture due to sufficient repulsion
forces. However, small zeta potentials can indicate inferior
physical stability due to interparticle attraction and aggrega-
tion.48,49

Fluorescent Properties of CD71 Affinity Carbon Dots.
CDs are intrinsically capable of fluorescence emission and are
distinct in their fluorescence capabilities in that the band gap
fluorescence emission of CDs can be modulated.15 The
conjugated π domain of the carbon core is believed to be
the nanoparticles fluorescence center.50,51 The band gap
between valence band and conduction band of the particle
increases with decreasing particle size, resulting in enhanced
quantum yield and fluorescent emission due to the band gap
transition in the ultraviolet region.52 It can be seen in Figure
4A that the fluorescence emission of the transferrin CDs is 413
nm under 343 nm UV excitation. This indicates successful
formation of luminescent CDs from the transferrin protein.

The affinity transferrin-derived CDs described here are
larger than typical CDs with an average diameter of over 10
nm. The quantum yield of the transferrin CDs suspended in DI
water was calculated to be 7.94%, where the standard used was
1 ppm of quinine sulfate in 0.05 M H2SO4. The quantum yield
of quinine sulfate was 0.54. The area under the photo-
luminescent curve (I) of quinine sulfate was 15 760, and the
absorbance intensity of quinine sulfate at 343 nm was 0.01459
A.U. (Figure S2). Previous protein-derived carbon dots
manufactured in this lab had an average quantum yield (eq

Figure 3. (A) SEM electron image of bulk transferrin-derived nanoparticles. (B) EDS spectrum of a spot location of the transferrin-derived
nanomaterial. The majority of the sample is made of carbon, then nitrogen, and then oxygen with trace amounts of sulfur. The sample was sputter
coated with iridium to reduce surface charging. (C) ATR-FTIR spectrum of CD71 affinity CDs. Strong peaks at 1600−1585 cm−1 and 1680−1640
cm−1 indicate a graphene CD core. Additional peaks indicate amino acid functional groups present in the nanoparticles. (D) Zeta potentials of 39
μM transferrin carbon dots in DI water. After about 5 min, the zeta potential of the nanoparticles stabilized to indicate a zeta potential of −9.7
mV−1.
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1) of 1.417 ± 0.0085%.17 This indicates that the combined
synergistic effect of codoping heteroatoms resulted in an
enhanced quantum yield despite both emission wavelengths
being similar. This is especially impressive as DI water does not

seem to be a solvent that yields high photoemission intensity
compared to other organic solvents such as ethanol.53,54 The
fluorescence emission lifetime of the nanoparticles was
calculated (eq2) via time-correlated single-photon counting

Figure 4. (A) Fluorescence excitation (blue) and emission (red) spectra of 0.39 μM transferrin-derived affinity carbon dots in DI water. The peak
excitation wavelength is 343 nm. At that excitation wavelength, the resulting peak emission wavelength is 413 nm. (B) The UV−visible spectrum
was 0.39 μM. A slight peak is seen in the curve at from 300 to 400 nm. This is in the same region as the nanoparticles have peak absorption, as can
be seen in the fluorescence emission spectrum. (C) Lifetime fluorescence emission decay of affinity CDs using time-correlated single photon
spectroscopy. Equation 2 was used to calculate the lifetime decay and found to be 1.4 ns. (D) Fluorescence emission profile of transferrin
nanoparticles. Maximum emission was observed at 413 nm under 343 nm excitation.

Figure 5. Proposed mechanism of affinity CD formation. Proteins are denatured, then form carbon aromatic rings, and then carbonize until a CD is
formed.
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spectroscopy (Figure 4) and was found to be 1.4 ns. The
lifetime decay of the affinity carbon dots is, thus, on the same
scale as traditional fluorophores used in bioimaging.55

A way to improve quantum yield in CDs would be doping in
heteroatoms such as nitrogen into the carbon skeleton to
redshift the particles emission as well as enhance quantum
yield.56 Nitrogen is of similar radius size to that of carbon and
can be easily integrated within the carbon structure forming
new surface state energy levels lowering the band gap energy
often resulting in red-shifted emission wavelengths and
improved quantum yield.52 Formamide and ethylenediamine
were the organic solvents used in conjunction with the
transferrin protein. Both solvents are rich in nitrogen to aid in
the incorporation of nitrogen into the carbon dot during
particle nucleation and subsequent carbonization. Transferrin
itself is a protein with multiple elements composing the main
structure including carbon, oxygen, nitrogen, sulfur, and iron in
the case of holo-transferrin.57 Nitrogen and sulfur codoped
carbon dots both can aid in modulating the emission
wavelength and improving quantum yield.58 Co-doping with
multiple heteroatoms can have a synergistic effect where
additional band gaps are formed resulting in a higher quantum
yield and longer emission wavelengths.52

The small negative zeta potential of the transferrin-derived
carbon dots stipulates the low physical stability of the
nanoparticles in an aqueous solution. This is confirmed in
Figure 4D, where the emission intensity of the CDs was
tracked over a period of 9 months. At the end of the 9 months,
the fluorescence emission intensity of the CDs had dropped
74.11%. However, even at the end of 9 months of storage and
exposure to ambient temperatures and overhead lights, the
same sample of CDs was still fluorescent. This is due to the
conduction band electron bandgap transitions of conjugated π
bond domains that make up the fluorescence mechanism of the
CDs. This allows CDs to resist complete photobleaching for
long periods of time.15,50,52

Using the data from Figures 3 and 4, the proposed
mechanism of affinity CD synthesis is outlined in Figure 5.
We hypothesize that the proteins are denatured to the amino
acid peptide sequence when dissolved in solution and during
initial heating. Upon further heating, a critical energy point is

reached where the peptides begin to form aromatic C�C
bonds and nucleate. Carbonization ensues as new C�C bonds
appear at the surface of the particle using carbon and nitrogen
supplied in the protein amino acid structure. A layered
graphene-like core begins to build into a quasi-spherical
particle. If the carbonization processes are ended before all the
amino acids are carbonized into the graphene core, the
unreacted amino acid peptides are left on the surface of the
carbon nanoparticle (Figure 5).14,16 In this way, the CD retains
the original proteins affinity for its receptor. This process
provides an intrinsically fluorescent and selective CD, without
the need for further modification.
CD71 Affinity Biosensing Assays. To evaluate the

transferrin-derived CDs affinity for the transferrin receptor
CD71, a differentiated cell assay was conducted. The HL60
cell line was cultured in 1.5% DMSO and differentiated to
suppress the CD71 expression. The differentiation of the HL60
cells was confirmed with flow cytometry using Mouse Anti-
Human CD71 antibody fluorescently tagged with PE (Figure
6A,B). Both differentiated and undifferentiated cell populations
were then stained with varying concentrations of the
transferrin-derived carbon dots ranging from 1% (0.39 μM)
to 100% (39.25 μM). The cells were then imaged on a
fluorescence microscope, the mean fluorescence intensity
(MFI) of each stained cell population was calculated, and
Student’s t-test was used to determine any statistical difference
in the cells MFI (Figure 6C). The lower staining
concentrations did not result in a statistically different MFI
until the concentration reached 25% (9.75 μM), from there
until 100% (39.25 μM) the differentiated and undifferentiated
HL60 cells possessed statistically different MFI. Thus, at 9.75
μM staining concentrations and higher, we can determine
nanoparticle affinity for the receptor.

In Figure 6, the differentiated cells decreased in fluorescence
down into the negatives. This is because each image set
measured the intensity of the cells and background corrected
for the fluorescence in the solution the cells were imaged in.
The differentiated cells have less intensity than the background
due to the nanoparticles not entering the cell and staying in
solution. This led to a “negative” background corrected MFI.
The continuous increase of the undifferentiated cells MFI

Figure 6. (A) Flow cytometry data showing undifferentiated HL60 cells incubated with the PE tagged CD71 antibody. (B) Flow cytometry data of
differentiated HL60 cells incubated with the PE tagged CD71 antibody. The fluorescence intensity of the differentiated cells shifted to the left
indicating the antibody had less transferrin receptors to bind to. Thus, CD71 expression was suppressed (Table S1). (C) Background corrected
MFI of the differentiated and undifferentiated HL60 cells stained with transferrin-derived nanoparticles. Statistical difference indicates nanoparticle
affinity for CD71 receptor.
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compared to the lowering of the differentiated cells MFI
indicates nanoparticle affinity for transferrin receptor CD71.
The HL60 cells expressing high levels of CD71 are
internalizing more affinity CDs resulting in a measurable
increase in cells’ fluorescence intensity. The HL60 cells
expressing low levels of CD71 have a much lower uptake of
the affinity carbon dots resulting in a lower fluorescence
intensity. This indicates that the CDs are entering the cell
through transferrin-mediated endocytosis and the CDs are
selective for CD71, meaning we have successfully synthesized
CD71 affinity CDs.

A competitive inhibition assay (Figure 7) was then
conducted to confirm the results in Figure 6 and Table S1.
A portion of the HL60 cells were incubated with biotinylated
CD71 antibodies, and another were incubated in PBS only.
The binding of the CD71 antibody inhibits internalization of
transferrin as the antibody competes for the binding site and
then irreversibly blocks transferrin uptake.59 Figure 7 shows
that the MFI of the cells stained with 3.90 μM affinity CDs was
187. However, the cells incubated with the CD71 antibody and
then stained with the same concentration of affinity CDs had a
lower MFI of 149 AU. Furthermore, a population closer
between the autofluorescence of the cell and the fluorescence
of the affinity CDs had a significant shift in fluorescence
intensity. The MFI of the cells stained with the affinity CDs
had an MFI of 186. The MFI of the cells shifted to 147 when
they were incubated with the untagged CD71 antibody.

Both populations have decreased fluorescence intensity
when the CD71 antibody blocks the CD71 receptor,
preventing selective binding of the affinity CDs and resulting
in less internalization of the nanoparticles. These results show
that even at the relatively low concentration of 3.90 μM affinity
CDs, there is a measurable difference in uptake of CDs
between the control and test cell samples whereas a
concentration of 9.75 μM was the cutoff for statistical
difference in MFI for the cell differentiation experiment seen
in Figure 6. Literature works previously report CDs formed
using ethylenediamine have a carbon source.60 In order to
prove that the selectivity of the CD71 receptor was due to the
inclusion of a transferrin precursor, CDs synthesized from
formamide ethylenediamine were tested for selectivity to
transferrin. The final product had a different consistency and

color than the original Tf-derived nanoparticles. We then
performed a competitive inhibition assay with HL60 cells
under the exact same conditions. Cells were analyzed via flow
cytometry, as previously described. The cells stained with the
ethylenediamine-formamide derived CD had mean fluores-
cence intensities of 184 and 180 in the two population gates.
The cells first incubated with the CD71 antibody and then
stained with the ethylenediamine-formamide derived particles
had a mean fluorescence intensity of 192 and 187. Since the
CD71 inhibited cells did not show decreased fluorescence, this
indicates that the nanoparticles are not entering the cell
through the CD71-mediated pathway and are not selective.
Therefore, the Tf precursor provides selectivity via retention of
functional groups. The data show a slight increase in MFI
when inhibited but this could be explained by the slight MFI
increase attributed to autofluorescence of the biotinylated
antibody added to the autofluorescence of the cells (Figures S5
and S7). This flow cytometry data confirms the differentiation
experiment conclusion that transferrin-derived CDs possess an
affinity for CD71.
Biocompatibility of CD71 Affinity Carbon Dots.

Biocompatibility tests were performed to determine the
toxicity effects of the affinity CDs on HL60 cells (Figure 8).
The experiment was conducted using flow cytometry to
determine rate of HL60 cell death when stained with 3.9 μM of
affinity CDs. The cells were costained with PI to identify
occurrence of cell death as PI cannot permeate the intact cell
membrane of a living cell. Additionally, PI emits in the red
region of the electromagnetic spectrum and can be excited by a
488 nm laser and its emission detected by a 610/20 bandpass.
This enables minimal overlap with the CDs, which emit in the
violet region of the spectrum and are excited with a 355 nm
laser.

Student’s t test was done to determine if there was a
statistical difference in cell death. A p value of 0.218747 shows
that the results were not statistically different (with a critical
value of 0.05). Thus, there was no statistical difference in cell
death between the control sample and the cells stained with
affinity CDs. This indicates a high level of biocompatibility
between affinity CDs and cells. Higher concentrations of CDs
were unable to be analyzed in the same manner as the solution

Figure 7. (A) Flow cytometry data of HL60 cells stained with 3.90 μM affinity CDs. Population 2 (P2) indicated the fluorescence of the affinity
CDs and expressed an MFI of 187. (B) HL60 cells incubated in biotinylated CD71 antibody and then stained with 3.0 μM CD71 affinity CDs.
Population MFI of 149. The decrease in MFI indicates that the nanoparticles have affinity for CD71. (C) Another population of cells, named
population 8 (P8) adjacent to P2, showed a similar shift. The cells stained with 3.90 μM affinity CDs yielded an MFI of 186. (D) However, the
cells incubated with the CD71 antibody and then stained with 3.90 μM affinity CDs resulted in a lower MFI of 147.
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became so opaque that the detector was unable to detect the
emission of the PI.
Cell Imaging Via CD71 Affinity Nanoparticles.

Fluorescence microscope images were taken of the HL60
cells stained with CD71 affinity CDs with concentrations
ranging from 0.39 to 5.85 μM. A UV filter cube was used to
isolate the proper excitation and emission wavelengths for
these CDs. It can be seen in Figure 9 that the nanoparticles
were internalized into the cell and had minimal accumulation
into small organelles. The distribution of affinity nanoparticles
appears to be homogeneous across the cell. This distribution is
to be expected as CD71 receptors densely populate the entire
cell membrane, constantly internalizing transferrin that is then
shuttled into the cell and then either degraded or recycled back
out of the cell.61 Comparing the control sample of cells with no
affinity CDs added to the sample, the autofluorescence of the
HL60 leukemia cells is significantly less than the images of cells
stained with 0.39 and 5.85 μM affinity CDs. Therefore, even at
the lowest concentration (0.39 μM) and 5 months after CDs
synthesis, the nanoparticles still have a suitable fluorescence
emission intensity for bioimaging based experiments.

Some bright points in the cells in Figure 9B,C could possibly
be an endosome loaded with nanoparticles or loaded into a
lysosome if the transferrin-derived particle is following the
degradation pathway. Additionally, in Figure 9B, some of the
cells appear not to have as much internalization of the affinity
nanoparticles within the cell, hence, the lower fluorescence
intensity. However, in Figure S6, the white light images show
that some of the cells were not within the plane of focus on the
microscope, explaining the lack of bright internal fluorescence.
Higher resolution images, such as from super resolution
microscopy, could be done to have a better understanding of
the particle’s intracellular movement. While it is clear from
Figures 6 and 7 that the affinity CDs are entering cells via the
transferrin-mediated endocytosis iron uptake pathway, the
exact effect of the affinity nanoparticles are unknown. It is also
unknown what becomes of the affinity CDs once inside the
cell. Future work will focus on understanding the role these
affinity CDs have within cancer cells.

■ CONCLUSION
Traditional biosensing techniques rely on affinity biomolecules,
such as antibodies or aptamers, to target various receptors and
proteins in biological environments. These standard recog-
nition molecules are not without limits including an inability to
enter a cell, large physical size, and instability.9,11,13,62 Here, we
describe an affinity CD that is fundamentally fluorescent and
selective for the target of interest without the need for any post
synthesis modification. The CDs were synthesized out of
holotransferrin and were found to have an average diameter of
13 nm. The CDs were nitrogen doped using formamide and
ethylenediamine. The affinity CDs appear to retain transferrin’s
affinity for CD71 as differentiation assays and competitive
binding cell assays were conducted on the leukemia HL60 cell
line to determine nanoparticle affinity for CD71. The
nanoparticles were determined to be selective for CD71, and
this is believed to be due to the incomplete carbonization of
the proteins polypeptides resulting in a layered graphene like
core with a transferrin amino acid functionalized surface
chemistry.

The retained amino acid functional groups of the transferrin
are then thought to interact with CD71 enabling binding and
subsequent triggering of transferrin-mediated endocytosis. The
direct binding capabilities of these nanoparticles to transferrin
enable it to be internalized into the cell and used for

Figure 8. Flow cytometry was used to determine the biocompatibility
of HL60 cells stained with 3.9 μM affinity carbon dots. The p-value is
0.218747; at 95% CI indicate no statistical increase in cell death.

Figure 9. Fluorescence microscopy image of HL60 cells under UV excitation using an oil immersion 100× objective. (A) HL60 cells with no CD71
affinity CDs. (B) HL60 cells stained with 0.39 μM CD71 affinity CDs and (C) 5.85 μM CD71 affinity CDs.
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bioimaging applications. These affinity CDs remove the
physical distance between probe and target caused by linker
molecules or bulky biomolecules and enable direct and precise
labeling of the target, ensuring accurate and high-resolution
final images. The lack of linked or conjugated fluorophores or
recognition molecules also removes added instabilities where
the cleave of any of those linkage sites results in loss of signal
or function of the biosensing affinity complex.8,12 While these
affinity CDs offer a new approach to affinity biosensing and
bioimaging, much is unknown about their interactions with at
the cellular level. Future work must be done to evaluate the
effect affinity CDs have on biological systems, such as how they
specifically trigger receptor-mediated endocytosis and their
subsequent rate of uptake into the cell. Future studies will also
need to be conducted to test the efficacy of affinity carbon dots
compared to more established techniques. Ultimately, affinity
CDs are a new platform in nanomaterial science with cross-
cutting applications across varying fields with potential uses in
cancer research, disease diagnostics, and potentially even
targeted therapeutics.

■ MATERIALS AND METHODS
Materials. Holo-Transferrin derived from human blood

plasma was obtained from R&D systems. Ethylenediamine and
formamide were acquired from Fisher chemical. Acetone was
obtained from Macron fine chemicals, and the phosphate-
buffered saline (PBS) solution was secured from Mediatech,
Inc. NaCl was obtained from Sigma, and the propidium iodide
(PI) was acquired from Molecular Probes Invitrogen Detection
Technologies. PE (R-phycoerythrin) Mouse Anti-Human
CD71 and biotinylated mouse Antihuman CD71 was procured
from BD Pharmigen. TEM support films Carbon Type B 400
mesh Cu were obtained from TED Pella, Inc. Human leukemia
cell line (HL60) procured from the American Type Culture
Collection (ATCC), was cultured in RPMI 1640 medium
(Hyclone) containing 1% penicillin-streptomycin (Sigma-
Aldrich) and 10% fetal bovine serum (FBS, Hyclone), and
was incubated at 37 °C with 5% CO2.
General Synthesis Procedure for Transferrin-Derived

Carbon Dots. 8.2 mg of transferrin was suspended in 20 mL
of formamide and vortexed until completely dissolved. Then
0.525 mL of ethylenediamine was incorporated into the
solution and vortexed until thoroughly mixed. The homoge-
neous solution was then transferred to an acid digestion vessel
(Parr Acid Digestion Vessel 4748 125 mL Large Capacity
Vessel) and placed into an oven (Thermo Scientific
PR305225G Precision Compact Gravity Oven). The oven
was set to the maximum temperature (an average of 214 °C
with a heating cycle range of 206−222 °C), and then the vessel
was heated for 6 h. Upon completion of the heating phase, the
sample vessel was removed from the oven and left to cool back
down to room temperature. Once cooled, the solution was
filtered with a 0.20 μm pore Nylon disk filter. The
nanoparticles were then precipitated from the filtered solution
with 50 mL of acetone. The precipitated nanoparticle solution
was then transferred into Teflon centrifuge tubes (Thermo
Scientific Oak ridge FEP 50 mL). The solution was then
centrifuged at 10,000 rpm where the supernatant was removed
leaving the nanoparticle precipitate. The nanoparticle pellet
was then washed twice by a 1:1 (v/v) acetone and ethanol
mixture. After the final wash, the nanoparticle precipitate was
suspended in wash solution, transferred to a Petri dish, and left
in a fume hood to evaporate off the organic solvents, leaving

behind the CDs. Once completely dried, the CD nanoparticles
can be suspended in any desired solution of any volume. For
these experiments, the nanoparticles were suspended in 50 mL
of ultrapure water or left as a solid, depending on the
requirements of the characterization method. All raw data are
available upon request.
Characterization of Transferrin-Derived Carbon Dots.

Nanoparticle fluorescence spectra were acquired with the
Agilent Cary eclipse Fluorescence Spectrometer. Ultraviolet−
visible (UV−vis) absorption data were obtained with the
Agilent 8453 UV−vis Spectrometer. Quantum yield was
calculated using the following equation:

Q Q
I A

I ACD QS
CD QS

2

QS CD
2=

(1)

where QQS is the quantum yield of quinine sulfate standard,
QCD is the quantum yield of the CDs sample, and ηx is the
refractive index of the CDs sample or quinine sulfate standard.
Refractive index for sample and reference: water = 1.33. ICD is
the area under the photoluminescent curve (I) of the sample,
IQS is area under the photoluminescent curve (I) of the
reference, ACD is absorbance intensity of the sample, and AQS is
absorbance intensity of the reference. Lifetime decay of the
transferrin-derived carbon dots was calculated using the
lifetime decay equation:

1=
(2)

The lifetime data were acquired using a Horiba Johbin Yvon
single Photon Counting Controller Fluorohub with a
MicroHR Horiba Jobin Yvon spectrometer. The zeta potential
of the nanoparticle solution was obtained via a Microtrac
Stabino particle charge mapping system. Transmission electron
microscopy (TEM) of the nanomaterial sample was conducted
on a Hitachi H-7650. Scanning electron microscopy (SEM)
was conducted on a Hitachi H-4300 SEM instrument rigged
with an EDAX Energy Dispersive X-ray (EDS) spectrometer. A
Thermo Scientific Nicolet iS10 Smart ITR FTIR instrument
with an ATR crystal was used to acquire the FTIR spectrum of
the nanoparticles. For flow cytometry data, a BD FACSAria
cell sorter as well as a BD FACSCalibur flow cytometer were
utilized. Epifluorescence microscopy images were taken using a
Nikon Eclipse Ti2 inverted microscope fitted with an sCMOS
PCO edge camera and a high-powered LED light source.
Differentiated HL60 Cell Line CD71 Affinity Assay of

Transferrin Carbon Dots. Two flasks of HL60 cells were
cultured, where one flask was cultured with RPMI 1640
medium (undifferentiated HL60 cell line) and the other flask
was cultured in RPMI 1640 medium with 1.5% (v/v) dimethyl
sulfoxide (DMSO), which suppresses CD71 expression
(differentiated cell line).63 After sufficient population growth,
cells were incubated in affinity carbon dot solutions for 1 h at
1%, 10%, 25%, 50%, and 100% concentrations diluted in PBS,
along with a control with no nanoparticle staining. Addition-
ally, small aliquots of differentiated and undifferentiated cells
were stained with a fluorescently labeled CD71 antibody to
confirm successful differentiation via flow cytometry and
fluorescence microscopy. After the incubation period ended,
the stained cells were then imaged on the microscope using a
20× objective, with an exposure time of 10 ms and under UV
excitation via a DAPI filter cube with a 378/52 excitation
bandpass filter and a 447/60 emission bandpass filter. The
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number of cells and the background subtracted mean
fluorescence intensity of each cell was calculated using ImageJ
software.
Anti-CD71 Competitive Inhibition CD71 Affinity

Assay of Transferrin Carbon Dots. HL60 cells were
cultured for 1 week to maximize cell population and then
were split into two equal aliquots. One aliquot of cells was
washed with PBS and then incubated with 100 μL of the
untagged biotinylated CD71 antibody, and the other was
washed with PBS and then incubated without the CD71
antibody. Afterward the cells were incubated for 30 min in a
10% affinity carbon dot diluted in PBS and washed in PBS
twice. The mean fluorescence intensity of each aliquot of cells
was then calculated using the FACS Aria flow cytometer with a
355 nm excitation laser to excite the CDs.
Biocompatibility Experiment of HL60 Cells and CD71

Affinity Carbon Dots. HL60 cells were cultured for a week
and then washed with PBS to remove the used medium. The
nanoparticles were then resuspended in a 10% affinity carbon
dots solution diluted in PBS in 3 vials for triplicate
measurements and left to incubate for 30 min. An additional
3 vials of cells were washed with PBS and incubated with no
carbon dots added to serve as the control. Twenty microliters
of PI was added to each vial of cells for 5 min and was then
immediately analyzed on the flow cytometer. A flow cytometer
equipped with a 488 nm laser was used to excite PI, which can
enter a cell and bind to the cellular nuclear content only if the
membrane is compromised. The number of dead and alive
cells was then calculated based on differences in cellular
fluorescence intensity by PI staining.
HL60 Cell Staining with CD71 Affinity Carbon Dots.

HL60 cells were cultured for at least 2 days and then placed
into vials and washed with PBS. The cells were then incubated
for 30 min in 1%, 5%, and 15% nanoparticle solutions
suspended in PBS. An additional vial was left as the control,
and no nanoparticles are added to the cells. Then the cells
were washed with PBS twice more and transferred to a glass
coverslip. Fluorescence microscopy was conducted to visualize
CDs-stained and control cells. Images were taken using a 100×
oil immersion objective with a camera exposure time of 100
ms. A DAPI filter cube, which excites in the UV (378 nm/52
nm) and emits violet (447 nm/60 nm), was used to excite the
cells stained with nanoparticles under UV light and collect the
violet fluoresce emission from the cell sample. The Blue
Orange ICG lookup table was applied in ImageJ software for
visualization of images (raw images are available upon
request).
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