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ARTICLE INFO ABSTRACT

Keywords: Quantum dots (QDs) have been resourceful in bio-applications such as fluorescent tagging, sensing, and bio-
Functionalization assays. Their bio-recognition and subsequent acceptance as foreign bodies by biomolecules largely depend on
CulnS/ Z‘nS ) the surface structure of the QDs. Surface functionalization is thus a critical factor in their synthesis and design. In
]Aig:i:;a (THP-1) cell line this work, we report on the surface modification of CulnS/ZnS QDs by an a-amino acid which plays an essential
Bio-labeling role in cell division and wound healing. The CulnS/ZnS QDs was synthesized via one-step eco-friendly method in
mTHPP a pressure cooker. To improve the biocompatibility and stability, the purified QDs were functionalized with t-

arginine using carbodiimide chemistry to produce arginine (Arg) functionalized CulnS/ZnS QDs. Interest in the
use of L-arginine amino acid in this study is a result of its zwitterion state, physiological properties, and most
importantly its backbone structure which enables ease of conjugation. The Arg-CulnS/ZnS QDs were then con-
jugated to 5, 10, 15, 20-meso (hydroxyphenyl) porphyrin (mTHPP), a second-generation photosensitizing drug to
improve the absorption efficiency of the porphyrin and tagging of cancer cells. This study examined for the first
time the effect of amino acid functionalization on the luminescent, absorption and morphology properties of
ternary CulnS/ZnS QDs and its porphyrin conjugate using various optical analyses. Furthermore, this study
investigated the bio-labeling properties of the prepared material and tested this against leukemia (THP-1) cancer
cell lines. The as-synthesized water-soluble biocompatible Arg-CuInS/ZnS - mTHPP conjugate proved to be useful
for surface functionalization and as a possible bio-labeling agent.

1. Introduction bio-components which eliminates their rejection by the body and are

commercially available.[6] Surface functionalization of quantum dots is

Quantum dots (QDs) are semiconductor materials with optoelec-
tronic properties that can be tuned in-situ for diverse applications in
fields such as computing, photo-catalysis, bio-imaging, and microbi-
ology.[1-3] To improve their cellular uptake, intracellular localization,
and other salient features (i.e. resistance to photo-bleaching, good sta-
bility and biocompatibility), QDs are often functionalized with targeting
molecules such as; amino acids, aptamers and peptides.[4,5] Amino
acids such as arginine have gained a lot of interest in surface modifi-
cation due to the presence of bio-functional groups such as -COOH and -
NH,.[8,91 Moreover, they are easily recognized by the body’s

mostly achieved via covalent coupling strategies such as crosslinking
(whereby two or more molecules are covalently bonded to improve on
the desired properties of the materials) or via ligand exchange (where
the hydrophobic layer of the organic solvent maybe replaced by
bio-functional molecules).[7] The latter method possesses several dis-
advantages such as the reduction in photoluminescence intensity which
reduces the quality of the functionalized material whereas crosslinking
has proved to increase water solubility, aid conjugation (due to avail-
ability of binding groups such as amines, carboxyls etc.) and improve on
the biological compatibility of the material.
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Scheme 1. Schematic diagram for the synthesis of ternary CulnS and CulnS/ZnS QDs.

To date, most quantum dot - amino acid functionalization has been
performed on group II-VI (e.g. CdSe, ZnS etc.) and group IV-VI (e.g.
PbTe, PbS) elements.[10-12] Noting the presence of toxic elements such
as Cd and Pb in these reported studies, the amino acid-functionalized
QDs have been rendered futile for biological applications. In this
study, r-arginine was used as a surface modifying agent to improve on
the biocompatibility of the ternary CulnS/ZnS QDs. vr-arginine is
a-amino acid which plays an essential role in the regulation of blood
pressure amongst other biological functions. The interest in r-arginine as
surface modifier is a result of its zwitterion state, physiological prop-
erties (which improves biocompatibility), and most importantly its
highly active sites (-COOH and NH, structural backbone) which enables
ease of conjugation.[13,14] CulnS/ZnS QDs is one of the most
researched ternary QDs for their low toxicity, tunable emission spectra,
large Stokes shift, and plasmonic properties which advantages it over
cadmium based conventional binary QDs.[15] However, the synthesis of
ternary QDs is still underdeveloped with reports mostly based on organic
synthesis which are not suitable for biological applications. Moreover,
most commonly used conventional methods (e.g. reflux) produce
significantly low quantities of the QDs which is not viable for large scale
production.

Porphyrins are macrocyclic photosensitizing drugs that have a high
affinity for cancer cells. They are known for their photo-physical prop-
erties which allow for their use in cancer treatments such as photody-
namic therapy. Porphyrins have wide absorption properties from
ultraviolet-visible (UV-Vis) to near-infrared (NIR) regions which is
highly attractive for biological applications.['®) However, their appli-
cation has been hindered by their hydrophobic nature which also leads
to aggregation and hence reduced their ability to produce singlet oxygen
needed for tumor destruction. One way of solving this problem is by
conjugation of porphyrin to nanomaterials such as QDs. The conjugation
of QDs to porphyrins produces water-soluble biological systems with
tunable emissions of the QDs and treatment efficacy of porphyrins.
Furthermore, the conjugation of QDs to porphyrin improves the tagging
of cancer cells compared to QDs alone.[17] In this work, we conjugated
CulnS/ZnS QDs to 5, 10, 15, 20-meso (hydroxyphenyl) porphyrin
(mTHPP). mTHPP is the parent porphyrin of clinically approved pho-
tosensitizing drug Temoporfin (brand name Foscan).[18] Its skeletal
structure allows for further modification moreover, its high absorption

coefficient and easily tunable absorption properties allows for its
application in near-infrared regions where tissue is transparent.

Briefly, we report on the large-scale synthesis of ternary CulnS/ZnS
QDs using a commercial kitchen pressure cooker. The pressure cooker
method is advantageous over other conventional syntheses for large
scale production. We were able to generate ~3.2 g of CulnS/ZnS QDs
compared to <1 g with conventional syntheses such as reflux, autoclave
methods. The prepared QDs were modified with 1-arginine (Arg) amino
acid using N,N'-dicyclohexylcarbodiimide (DCC) as a crosslinking agent.
Following the Arg functionalization, this study examined for the first
time the effect of amino acid functionalization on optical properties of
ternary CulnS/ZnS QDs and its porphyrin conjugate. Furthermore, this
study investigated the bio-labeling properties of the prepared material
and tested this against leukemia (THP-1) cancer cell lines. The obtained
fluorescent imaging suggested that the conjugate (Arg-CulnS/ZnS -
mTHPP) can be used as a labeling agent.

2. Experimental
2.1. Chemicals

(Copper chloride (CuCly), indium chloride (InCl3), sodium citrate
dihydrate (NagCeHs07. 2H20), L-glutathione (GSH), sodium sulphide
(NayS), zinc acetate dihydrate (Zn(O2CCH3)2(H20)2), thiourea
(CH4N3S), sodium hydroxide (NaOH), hydrochloric acid (HCI), ethanol
(CH3CH,0H), i-arginine (CgH14N403), N,N-Dicyclohexylcarbodiimide
(DCC)) were purchased from Sigma Aldrich, South Africa and used as
received. Deionized water was used for synthesis and analysis.

2.2. Synthesis of ternary and quaternary quantum dots

2.2.1. Synthesis of CulnS/ZnS QDs

CulnS and CulnS/ZnS QDs were synthesized hydrothermally using a
commercial kitchen pressure cooker based on our recently reported
method with modifications .[19] In a typical reaction, CuCl; (0.213 g,
1.264 mmol), InCl; (1.106 g, 5 mmol), NasCeHsO; (5.88 g, 20.135
mmol), GSH (0.276 g, 0.898 mmol) were added to 2 L of deionized water
under magnetic stirring. This was followed by the addition of Na5S stock
solution (1.95 g/50 mL, 25.00 mmol) under magnetic stirring to initiate
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Fig. 1. (A) Photoluminescence and (B) absorption spectra of CulnS and CulnS/ZnS QDs (C) Digital photographs of CulnS/ZnS QD powders under day light and

UV-light.

the reaction. The solution was heated at 95 °C for 1 h to produce CulnS
at Cu:In (1:4) ratio in a commercial kitchen pressure cooker. After 1 h,
the pressure cooker was cooled to (~86 °C), then Zn(O,CCH3)2(H20),
(3.52 g/100 mL, 16.0 mmol) and CH4N,S (1.22 g/100 mL, 16.02 mmol)
were added as ZnS precursors. The reaction was further heated in the
commercial kitchen pressure cooker for 1 h at 95 °C to form CulnS/ZnS
core/shell (Scheme 1).

2.2.2. Purification of the as-synthesized quantum dots

Following the synthesis, the QDs were subjected to purification via
precipitation and decantation. This was performed to remove any re-
action by-products and unreacted precursors. Ethanol was used for the
precipitation. In a typical precipitation protocol, ethanol was added to
the as-synthesized quantum dots at a ratio of 1: 3 (QDs solution:
Ethanol). The solution of QDs in ethanol was covered and left to stand
overnight to allow for sufficient precipitation. To further remove any
unreacted precursors, the precipitate was centrifuged at 16 000 rpm for
5 min. This was repeated three times while washing with ethanol. The
purified QDs were then allowed to dry at room temperature, evaporating
the ethanol subsequently forming powdered QDs.

2.3. Functionalization of quantum dots with L-Arginine

Arginine functionalization was achieved using the method of Nca-
payi et al, 2017 [20] with slight modifications. The arginine
cross-linked GSH-capped QDs were obtained by dissolving 5 mg of
CulnS/ZnS QDs in 10 mL DMSO. N, N'-Dicyclohexylcarbodiimide (DCC)
(0.2 mmol) was added, followed by arginine (0.1 mmol) under vigorous
stirring for 2.5 h. The arginine coated QDs were then precipitated and
washed using ethanol as described above. The precipitate was
re-dispersed in 10 mL water and the solution was sonicated. The solution
was further filtered using a syringe filter with a nominal pore diameter
of 0.45 pm.

2.4. Synthesis of 5,10,15,20-meso (hydroxyphenyl) porphyrin (nTHPP)

The synthesis of mTHPP was carried out according to Tsolekile et al.,
2018 [21] with slight modifications. In a typical reaction, 3-hydroxy-
benzaldehyde (2.50 g, 20.47 mmol) was added to propionic acid (15
mL) in a 100 mL round-bottom flask equipped with a magnetic stirring
bar and refluxed for 15 min at 140 °C. Distilled pyrrole (1.42 mL, 20.469
mmol) was then added quickly to the refluxing mixture and refluxed for
an additional 1.5 h. After the reflux, excess propionic acid was evapo-
rated at 220 °C. The material was cooled to room temperature and
neutralized with 5% NaHCOs. The precipitated crude porphyrin was
washed with chloroform and finally chromatographed on silica gel
column with ethyl acetate: n-hexane (2:1, v/v) mixture as eluent.

2.5. Bio-conjugation of Arg-CulnS/ZnS QDs with mTHPP

Arg-CulnS/ZnS (3 mL of a 2.5 mg/10 mL H,O solution) was added to
1 mL of mTHPP (0.1 mg/10 mL CH3OH) followed by mechanical stirring
for 1 h. Conjugation of the Arg-CuInS/ZnS QDs to the free porphyrin was
achieved via an esterification reaction between the hydroxyl groups of
the free porphyrin and the hydrogen from the carboxylic group of the
arginine functionalized QDs. The conjugate was precipitated out of the
solution with ethanol and centrifuged to remove unconjugated Arg-
CulnS/ZnS QDs or mTHPP.

2.6. Characterization

The photoluminescence spectra of the synthesized material were
recorded using Shimadzu photoluminescence (PL), RF-6000 spectro-
photometer equipped with spectro-flourometer laser light as an excita-
tion source. The absorption properties of the as-synthesized materials
were analyzed in the range of 200-900 nm using Lambda 25 Ultra-
violet-Visible (UV-Vis), spectrometer. The surface chemistry of the
purified and dried material was carried out by using PerkinElmer,
Spectrum two UATR spectrometer at a frequency range from 400 to
4000 cm ™. Transmission electron microscopy (TEM) was performed by
using JEOL (JEM- 2100) transmission electron microscope, operating at
200 kV. X-ray diffraction (XRD) patterns of the as-synthesized QDs were
collected by PANalyticalX’Pert x-ray diffractometer using a mono-
chromatic Cu Ka radiation (A = 0.15406 nm) at room temperature.
Nuclear Magnetic Resonance (NMR) was analyzed using 500 MHz
Bruker spectrometer using DMSO~ds solvent for background. The 'H
NMR samples were prepared by placing a concentrated solution (using
DMSO~de) of the material in 'H NMR tube and analyzed at room
temperature.

2.7. Bio-imaging of as-synthesized material on leukemia (THP-1) cell line

For the bio-imaging studies, THP-1 cells (5 x 10° cells/well) were
seeded into a 96-well plate. After 24 h, the media were replaced with
100 pl of media (DMEM 0% FBS) without phenol red to minimize in-
teractions. The cells were exposed to 63.0 pg/mL of Arg-CulnS/ZnS QDs,
mTHPP and Arg-CulnS/ZnS-mTHPP conjugate. After 24 h incubation,
confocal images of treated THP-1 cancer cell line were examined against
untreated cell control.

3. Results and discussion

Green synthetic approaches are reported as advantageous for the
synthesis of QDs as they are cost-effective and eco-friendly. However,
reported studies have only used harsh conditions such as high temper-
atures and organic reagents which are undesirable for large and indus-
trial scale production.[22,23] This study reports the large-scale
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Fig. 2. (A-B) EDS of CulnS QDs and CulnS/ZnS QDs respectively and (C) TEM images of CuInS QDs, (D) CuInS/ZnS QDs and (E) XRD patterns of CulnS and CulnS/

ZnS QDs.

synthesis of ternary CulnS/ZnS QDs using water as a solvent and an
electrical pressure cooker as a reaction vessel. Scheme 1 depicts the
experimental procedure for the synthesis of the water-soluble gluta-
thione capped CulnS/ZnS QDs. In our experiment, glutathione and so-
dium citrate were used as stabilizing agents to balance the reactivity’s of
Cu' as a soft acid and In>' as a hard acid. To improve the photo-
luminescence of the CulnS QDs and eliminate any surface defects and
dangling bonds on the CulnS surface, the CulnS was passivated with ZnS
to form highly fluorescent CulnS/ZnS QDs. ZnS was selected as passiv-
ating agent due to its wide band-gap (~3.7 eV). Moreover, ZnS exhibits
minimum lattice mismatch with CulnS, (~2.2%).[24]

Fig. 1 Shows the optical properties of CulnS and CulnS/ZnS QDs. As
shown in the PL results, the CulnS core exhibited broad PL emissions
with two peaks at 537 nm and 675 nm. The two emission peaks were
attributed to two dissimilar trap surface states and intrinsic trap states
typically observed in ternary QDs.[25-27] Following successful syn-
thesis of the CulnS core, Zn and S precursors were added in-situ. This
resulted in a huge increase in the PL intensity with its maximum
blue-shifted from 675 to 623 nm (Fig. 1A). This increase in intensity was
attributed to the elimination of some of the trap states and the blue-shift
could be attributed to the diffusion of Zn>* to the core CuInS with partial
cation (Cu®*, In®*, and Zn?*) exchange in-line with reported studies.
[17,25] The absorption spectra of QDs (Fig. 1B) revealed broad bands
with no distinct absorption, in-line with the reported studies.[28,29]
The photoluminescence quantum yield of the core was measured to be

0.15% which increased to 4.9% after ZnS passivation. The digital
photograph (Fig. 1C) displays the red fluorescence image of the
CulnS/ZnS QDs in powdered form under the UV lamp (Aexe = 352 nm)
while the brown powder represents natural colour of powdered QDs.
From the images, it can be deduced that the precipitation of QDs and
subsequent formation of CulnS/ZnS powder does not affect the fluo-
rescent nature of the material. Furthermore, it is worth mentioning that
herein we were able to produce three times (~3.2 g) the quantity of QDs
compared to our previously reported conventional synthetic method.
[17,21]

Fig. 2A-B shows the EDS results of the CulnS and the CulnS/ZnS QDs
respectively, the presence of Zn was observed in the CulnS/ZnS which
was not seen in core CulnS. The morphology and average particle size of
the as-synthesized CulnS core and CulnS/ZnS were estimated from the
TEM micrograph. From the TEM (Fig. 2C-D), it can be observed that the
particles of both the CulnS core and CulnS/ZnS shell are spherical. The
average particle diameter, as determined from the TEM and particle size
distribution curves is 1.75 nm for the CulnS QDs which increased to 3.5
nm after the ZnS shell passivation. The increase in size is attributed to
the introduction of the shell over the core. The presence of lattice fridge
confirmed the crystallinity in the synthesized CulnS/ZnS QDs. The XRD
patterns (Fig. 2E) of the core CulnS QDs appears as a mixture of chal-
copyrite and wurtzite phase as reported in the previous report by our
group.[17] After shell passivation (CulnS/ZnS), the peaks shifted to
higher angle which is ZnS (cubic zinc blende phase). The broad nature of
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Fig. 3. (A) FTIR spectra of arginine, CuInS/ZnS QDs and Arg-CulnS/ZnS QDs.
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ZnS QDs.

the diffraction pattern is attributed to the nanocrystalline nature of the
material as observed in the TEM.

3.1. Characterization of 5, 10, 15, 20-meso (hydroxyphenyl) porphyrin
(mTHPP)

Fig. S1 shows the 'H NMR spectra of mTHPP in DMSO. From the
spectrum, the five expected environments of the porphyrin are present.
The de-shielded singlet chemical shifts of 9.97 and 8.86 ppm were
assigned to —OH and f-pyrrole respectively. The chemical shifts at
7.98-8.00 ppm and 7.19-7.21 ppm with 8.25 and 8.35 protons respec-
tively were also assigned to the Ar-H while the shifts at 2.6 and 3.5 were
attributed to the presence of phenyl groups. Due to the anisotropic effect
of the ring system of mTHPP, the inner protons of pyrrole gave a low
chemical shift at —2.89 ppm. The presence of this signal as a singlet
suggests the inner protons are not coupled (at least within three bonds
away) with no neighbouring protons. This was used as confirmation that
a free base porphyrin had been synthesized in line with reported studies.
[30] Analysis of the purified powdered mTHPP using FTIR is shown in
S2. The cyclic structure of mTHPP consists of four phenolic rings and
four interconnected pyrrole subunits which are connected by methylene
bridges.[31] FTIR analysis of mTHPP characterized by stretching bands
due the presence of O-H, N-H pyrrole and C=C of phenyl peaks. ‘H
NMR spectroscopy supported by FTIR confirmed that pure mTHPP was
successfully synthesized.

3.2. Functionalization of CulnS/ZnS QDs with arginine
CulnS/ZnS QDs was functionalized with arginine using DCC as a

cross-linker. The functionalization proceeded via the formation of a
DCC-CulnS/ZnS reactive intermediate. The exposure of the intermediate
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Fig. 4. (A) UV-Vis spectra of Arg-CuInS/ZnS QDs, mTHPP and Arg-CulnS/ZnS-
mTHPP conjugates (insert: magnified view in the 460-700 nm wavelength
range) and (B) PL spectra of Arg-CulnS/ZnS QDs, mTHPP and Arg-CulnS/ZnS-
mTHPP conjugates.

to arginine resulted in arginine functionalized CulnS/ZnS QDs. Excess or
unreacted arginine/DCC was removed by centrifugation. FTIR analysis
(Fig. 3A) of the CulnS/ZnS QDs, Arg-CulnS/ZnS QDs, and arginine was
performed on the powdered samples. The spectrum of arginine shows its
characteristic peak due to N-H stretching at 3055 cm™!, C-H asym-
metric and symmetric stretching at 2945 and 2842 cm ™! respectively
and N-H bending at 1675 cm ™! and G=0 stretching at 1612 cm ™. The
CulnS/ZnS QDs exhibited peaks attributed to O-H stretching at 3320
em™!, COO asymmetric and symmetric stretching at 1570 cm™! and
1387 cm™! respectively from the surface capping group GSH. After
functionalization of QDs with arginine, it has been noted in the spectrum
of Arg-CulnS/ZnS QDs that COO peaks of GSH disappeared and the new
peak formed at 1652 cm ™! which indicated the formation of amide bond
between carboxylic group of QDs surface GSH and amine group of Arg.
These results confirmed the successful functionalization of the QDs with
Arg. Fig. 3B and C depict the TEM monographs of the arginine func-
tionalized CulnS/ZnS QDs. Surface functionalization with amino acid
did not induce any aggregation, and the particles maintained their
spherical and mono-dispersed nature. The lattice fringes in the Arg-
CulnS/ZnS QDs suggested that the crystallinity was not affected by the
functionalization.

3.3. Bio-conjugation of Arg-CulnS/ZnS - 5, 10, 15, 20-meso
(hydroxyphenyl) porphyrin (mTHPP)

Fig. 4A represents the absorption spectral overlay of the Arg-CulnS/
ZnS QDs, mTHPP and Arg-CulnS/ZnS QDs-mTHPP conjugate. The
mTHPP porphyrin showed features of a free base porphyrin with the
presence of all four Q-bands confirming that a free base mTHPP
porphyrin was synthesized. The spectra show that the conjugate pre-
served the spectroscopic properties of both Arg-CulnS/ZnS QDs and
mTHPP. Notable is the reduction in the absorbance and the redshift in
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the Q bands in the conjugate (insert). From Fig. 4B, it can be observed
that mTHPP reveals two major emission peaks at 663 and 732 nm which
are attributed to the emission from the T (0,0) and T (1,0) triplet states
respectively and a weak shoulder peak at 618 nm which could be
attributed the emission from the S (1,0) singlet state.[32] After the
conjugation with QDs, it was noted that the intensity of the triplet
emission decreased, however, the singlet emission increased with the
slight blue-shift in peak positions. The decrease in intensity and shift in
both absorption spectra of the conjugate relative to the freebase
porphyrin could be attributed to the differences between the average
dielectric constant of the mTHPP in solution as compared to that near
the surface of the QDs. Moreover, the emission of QDs is completely
quenched which indicated the possible fluorescence energy transfer
(FRET) from QDs to the porphyrin.[33] The increase in the singlet
emission suggested the interference of QDs in the intersystem crossing of
the excited porphyrin molecule from singlet state to the triplet state.
Nonetheless, further studies involving the investigation of photophysical
transitions, surface analysis and mass spectra analysis are required to
clearly understand the whole process.

3.4. Bio-imaging of mTHPP, Arg-CulnS/ZnS QDs and Arg-CulnS/ZnS-
mTHPP conjugate on leukemia (THP-1) cell lines

The particle size of QDs determine their surface to volume ratio, this
is known to significantly influence the material uptake and bio-
distribution. While the shape of the particles affects cellular uptake,
preferential interaction is critically affected by surface coating.[34] Our
results shows that CulnS/ZnS QDs have been coated successfully with
biocompatible arginine which did not significantly affect the properties
of the material. Considering the above properties and photosensitizing
capabilities of mTHPP, the bio-labeling capabilities of mTHPP,
Arg-CulnS/ZnS QDs and Arg-CulnS/ZnS QDs -mTHPP conjugate was
examined on leukemia (THP-1) cancer cells. The THP-1 cells were
exposed to 65 pl of mTHPP, Arg-CulnS/ZnS QDs and Arg-CulnS/ZnS
QDs-mTHPP conjugate as shown in Fig. 5. Following the incubation of
THP-1 cells with the as-prepared material, the cell morphology of the
THP-1 cells remained unaltered. Fig. 5 A, D, G and J shows the fluo-
rescence images of the cell while parts B, E, H and K shows the bright
field images. The merged images (C, F, I and L) depicted bright red
fluorescence for the mTHPP and Arg-CulnS/ZnS-mTHPP conjugate as
observed in the fluorescence images indicating the localization of the
material and their entry into the THP-1 cells. From the confocal imaging,
it can be concluded that the as-prepared material successfully imaged
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the cells and demonstrated their potential use in bio-imaging and drug
delivery.

4. Conclusions

Herein, novel arginine functionalized CulnS/ZnS QDs conjugated to
porphyrin has been prepared and characterized. Briefly, water soluble,
fluorescent CulnS/ZnS QDs were synthesized using a commercial
kitchen pressure cooker with good yield. The synthesized QDs exhibited
broad PL emissions and UV absorptions typical of chalcopyrite QDs. The
surface of the CulnS/ZnS QDs was modified by functionalization with
bio-compatible zwitterion r-arginine amino acid. The Arg-CulnS/ZnS
QDs maintained PL peak position and crystallinity of the bare QDs.
The functionalized Arg-CulnS/ZnS QDs was then conjugated with the
porphyrin (mTHPP) and the results showed possible FRET between QDs
and the porphyrin and the interference of QDs in the intersystem
crossing of the porphyrin. Exposure of leukemia (THP-1) cell lines to the
as-prepared material suggested that there was cellular interaction of the
material with the biological environment of the cell. This is evident in
the visible intercellular red fluorescence observed in the cells which is
not observed in the control. The as-synthesized Arg-CuInS/ZnS- mTHPP
conjugate material has cellular fluorescent labeling abilities and can be
used for drug delivery and therapy applications.
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