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ABSTRACT: We report the synthesis of near-infrared (IR)-emitting core/shell/
shell quantum dots of CulnZnS/ZnSe/ZnS and their phase transfer to water. The
intermediate ZnSe shell was added to inhibit the migration of ions from the
standard ZnS shell into the emitting core, which often leads to a blue shift in the
emission profile. By engineering the interface between the core and terminal shell
layer, the optical properties can be controlled, and emission was maintained in the
near-IR region, making the materials attractive for biological applications. In
addition, the hydrodynamic diameter of the particle was controlled using
amphiphilic polymers.

I INTRODUCTION emitters, with emission typically past 700 nm.>~® The use of a
Quantum dots (QDs) have emerged over the last 3 decades as I1=VI material with a chalcopyritg se_miconductor either & a
superior light emitting materials, notable for covering wave- heterostructure or core/shell materlal_ls weII-_known, notably in
lengths from near-ultraviolet (UV) into the infrared with solar cell architectures. The lattice mismatch between
narrow, bright emission profiles. These materials have found chalcopyrite CulnS, (a = 552 A) and zinc blende ZnS (a =
applications in diverse markets, from biological labeling to 541 A) is low, at 2.0%, and similarly low for CulnS, capped
solar energy harvesting. High-quality crystalline 11=VI with zinc blended ZnSe (a = 5.67 A) at 2.6%."° and the
materials, such as cadmium selenide (CdSe), can be preparation of such core/shell nanoparticles is relatively simple
synthesized from high temperature organometallic solution to realize.

precursors.” Ultraviolet (UV) and blue-emitting materials, such In this report, we describe the development of Cu-based
as zinc chalcogenides, present minimal environmental hazards. QDs with NIR emission, from synthesis to aqueous phase
However, materials that emit across the visible spectral region transfer. CulnZnS QDs were prepared and characterized
(cadmium chalcogenides) and infrared (lead and mercury before exploring core/shell and core/multishell structures, with
chalcogenides) are toxic or pose significant environmental both ZnSe and ZnS. The optical properties were optimized for
risks—a problem if QDs are to be used in devices or biological NIR fluorescence imaging. To achieve phase transfer into

and clinical applications. A significant research goal is the
development of environmentally acceptable alternatives to
cadmium, mercury and lead containing QDs, that emit strongly
at the in the visible or infrared wavelengths.

A notable success is the development of indium phosphide
(InP)-based QD materials, which are, in some circumstances, -
more e cient emitters than standard CdSe/ZnS core/shells Received:  April 16, 2024 e
QDs. InP/ZnS and their derivatives (such as InP/ZnSe/ZnS) Revised:  July 11, 2024
can now routinely be prepared with near unity quantum yields Accepted: July 12, 2024
(QYs), narrow emission profiles and in high yields.> CulnE (E Published: July 18, 2024
= S, Se) materials and related compounds are also prime
candidates for green, heavy metal-free near-infrared (IR)

water, the encapsulation of these materials within amphiphilic
polymers was explored, providing high colloidal stability in
aqueous media. The cytotoxicity of encapsulated QDs was
tested and their potential use as an imaging agent is discussed.

© 2024 The Authors. Published by .
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Finally, a Raspberry Pi-based imaging system was also
developed for the easy and rapid imaging of NIR QD samples.

I RESULTS AND DISCUSSION

Core QDs were synthesized with a hot-injection procedure
using zinc diethyldithiocarbamate (Zn(DEDC),), based on a
previously reported method by Pons et al.,” who used an
asymmetric Zn dithiocarbamate complex to form of a reactive
amine. We chose, however, to use the commercially available
diethyldithiocarbamate complex based on its previous use in
the synthesis of high quality nanomaterials."® Observations
made throughout the synthesis and characterization process
indicated little di erence between the particles prepared here
using the symmetric dithiocarbamate and the asymmetric
analogue discussed previously. The use of the Zn complex as a
S source also resulted in the incorporation of Zn into the QD,
which has been shown to be beneficial for the optical
properties of CulnS, QDs.**™* The similar size of Zn and
Cu cations allowed for Zn ions to fill Cu-vacancy sites that
would otherwise result in nonradiative recombination. For
convenience, the composition of these QDs is referred to as
CulnZns, although the actual stoichiometry is not 1:1:1:1. It is
typical in the literature for Cu—In—S and Cu—In—Zn-S
nanomaterials to be referred to as CulnS, and CulnzZnS (or
ZnCulnS) for simplicity, despite reporting nonstoichiometric
compositions. In this work, the elemental ratios of a range of
QDs were found using X-ray photoelectron spectroscopy
(XPS), energy dispersive X-ray spectroscopy (EDS) and
inductively coupled plasma mass spectrometry (ICP-MS).
Trioctylphosphine (TOP) and oleic acid (OA) were utilized as
capping ligands, while oleylamine (OAm) was present
primarily as an activating agent for the Zn(DEDC), precursor.

It has been shown previously that long chain primary amines
can increase the reactivity of metal dithiocarbamates in order
to reduce the decomposition temperature for QD synthesis.**
Hot-injection methods typically allow for better separation of
nucleation and growth than “heat up” techniques, resulting in
more monodisperse QD samples with greater uniformity in
their properties and characteristics."> Growth at 190 °C is
rapid, with the appropriate QD size reached after 10 min.
Upon hot injection of the dithiocarbamate complex, the color
rapidly changes over the first 30 to 60 s from straw colored,
through orange and red to black, indicating the progression to
NIR-emitting QDs.

Transmission electron microscopy (TEM) of the sample
after 10 min growth confirmed the formation of discrete 3.8 +
0.3 nm (n = 40) particles, roughly spherical in shape and with
well-defined lattice fringes (Figure Slab). Selected area
electron di raction (SAED, Figure S3) and X-ray di raction
(XRD) patterns both indicated crystalline nanoparticles with a
cubic crystal structure. The (112), (204), and (312) planes of
chalcopyrite were identified (Figure S1c,d) typical of CulnZnS
and CulnS, materials.****'® A d-spacing of 0.32 nm was
observed by TEM (Figure S1b) corresponding to the (112)
plane of chalcopyrite CulnS,, further confirming the QDs
structure. The broadness of the XRD peaks was consistent with
small nanocrystalline particles, with an average size of 3.3 nm
as estimated using the Scherrer equation.”” This value is close
to that measured from TEM images, further confirming the
formation of small crystalline nanoparticles.

X-ray photoelectron spectroscopy (XPS) was carried out to
analyze the near surface composition of the CulnZnS QDs and
Cu, In, Zn and S species were all found to be present (Figure
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S2). High resolution spectra of the Cu 2p region, revealed the
characteristic spin—orbit split components, with the Cu 2ps/,
at a binding energy of 931.3 eV and consistent with Cu in the
1+ oxidation state in CulnS, nanomaterials,"® no evidence of
the 2+ oxidation state was found, which would be notable by a
broader, higher energy shoulder to the Cu 2p peak and satellite
structure at ca. 945 eV. The modified Auger parameter of
1848.7 eV was calculated from the Cu 2p,/, binding energy
and Cu L3M,5M,5 Kinetic energy, close to the 1849.5 eV value
reported for CulnS, in the literature'® and the di erence may
be attributed to size e ects. The In 3ds,, and binding energzy
(444.4 eV) is again typical of In(lIl) species in CulnS,"®°
Similarly, the Zn 2p,, signal is found at 1020.5 eV, consistent
with CulnZnS nanomaterials reported previously,* while the S
2ps,, binding energy of 161.4 eV is characteristic of sulfide in
CulnS, and CulnZnS nanomaterials.*®?%?* While not
quantified, we do not discount the formation of a small
amount of sulfate at the surface, exhibited by a small but broad
around 169 eV, which form from the excess of the sulfur in the
dithiocarbamate ligand. A stoichiometry of Cuggln,1Zn;Ss0
was measured by quantitative analysis of the XPS derived
atomic percentages.

Optical characterization of CulnzZnS revealed a broad
absorption band within the first minute of the reaction (Figure
S3), typical of alloyed QDs, and an indistinct band edge
absorption feature at 540 nm, typical of CulnS, and
CulnzZnS.**® A corresponding photoluminescent (PL) peak
was also observed at 700 nm with a full width at half-maximum
(fwhm) of around 150 nm, and a Stokes shift of 160 nm for
aliquots taken between 30 and 60 s. Both the absorption and
PL features further progressed into the red and NIR,
respectively, during the subsequent 9 min of growth. The
change in emission during the reaction reflects the increased
QD size and decreasing degree of exciton confinement, typical
of QDs. The Stokes shift of 160 nm observed is atypical of QD
band edge emission and indicates other radiative recombina-
tion pathways.?? Photoluminescence was observed for the final
isolated core CulnZnS nanocrystals at 810 nm with a QY of
3.2 = 0.2%, as measured using an integrating sphere. In
comparison to CulnS, nanocrystals in the literature, the QY is
an order of magnitude greater due to the inclusion of Zn and
its ability to fill defect Cu-vacancy sites.**

The emission wavelength could be controlled between 700
and 810 nm through variation of the experimental conditions,
including temperature, growth time and Cu/In/Zn precursor
ratios, (as demonstrated in Figure S4). Inductively coupled
plasma mass spectrometry (ICP-MS) was used to quantify the
amounts of Cu, In, and Zn in a range of samples with varying
emission maxima. As previously noted, decreasing the amount
of Cu relative to In results in red-shifted emission.”® ICP-MS
also confirmed the incorporation of Zn from the Zn(DEDC),
precursor which accounted for approximately 10% of the
cation content in each nanocrystal sample, regardless of
emission wavelength. Unfortunately, the concentration of S in
the sample could not be obtained due to the overlap between
%0, and %S signals in ICP-MS. Energy dispersive X-ray
spectroscopy was also used to quantify QD composition and a
typical sample found to have a stoichiometry of
Cuyolny 72N, 0Sss. (1:1:1:4 precursor ratio) This suggests a
higher incorporation of Zn than the ICP-MS measurements at
17.5% of the total cation content.

The addition of a ZnS shell was used to improve the optical
properties of CulnZnS QDs. Zn(DEDC), was further used as

https://doi.org/10.1021/acs.cgd.4c00528
Cryst. Growth Des. 2024, 24, 6275—6283


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00528/suppl_file/cg4c00528_si_001.pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

Figure 1. (a) TEM micrograph of CulnZnS/ZnS QDs and (b) magnification of lattice fringes (d-spacing = 0.32 nm). (c¢) SAED pattern indicating
a cubic crystal structure, corresponding to (d) the XRD pattern showing a shift from the original CulnZnS position to higher angles.

Figure 2. (a) Optical spectra of core CulnZnS (black) and core/shell CulnZnS/ZnS (red) QDs, with the absorption spectra plotted with dotted
lines and the emission with solid lines. (b) The same samples over a 21-day period, normalized to the peak intensity at day zero. Excitation at 500

nm.

a single-source precursor for ZnS, with dropwise addition over
20 min at 230 °C. After ZnS shell growth, particle size had
increased to 4.1 £ 0.5 nm (n = 40) as determined by TEM
(Figure 1ab), corresponding to 1.1 monolayers of ZnS (0.31
nm per monolayer).”* The SAED pattern (Figure 1c) again
indicated a cubic crystal structure although a shift toward
higher angles could be seen in the XRD pattern (Figure 1d),
corresponding to the di raction pattern of bulk ZnS. This
highlights the presence of a ZnS shell on the Cu—In—Zn-S
cores.

There was little change in the absorption characteristics of
the material on shelling with ZnS; however, a 60 nm blue-shift
of the PL emission from 810 to 750 nm was observed (Figure
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2a). Di usion of Zn ions into the core during high temperature
shell growth likely resulted in a smaller e ective core size and
hence, shorter emission wavelength.*®> Most importantly, on
addition of a ZnS shell, the QY value increased from 3.2 £ 0.2
to 29 + 3%, reflecting the passivation of defect sites in the core
nanocrystal that could lead to nonradiative recombination of
the exciton. Along with the improved QY, the photostability of
the QDs was increased through the addition of ZnS shell.
Figure 2b shows the change in relative fluorescence intensity
for core and core/shell QDs over 21 days. Core fluorescence
intensity dropped by 93.8%, while the intensity of the core/
shell QDs only dropped by 6.2%.

https://doi.org/10.1021/acs.cgd.4c00528
Cryst. Growth Des. 2024, 24, 6275—6283
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Figure 3. TEM images of CulnZnS/ZnSe (top row) and CulnZnS/ZnSe/ZnS (bottom row) QDs, with lattice spacings highlighted on the higher

magnification images.

The blue-shift in emission observed represents a significant
problem for the development of precisely emitting fluoro-
phores and is undesirable for biological imaging probes. Recent
work by de Mello Donega and colleagues, however, addressed
this issue and provides a method for minimal interfacial
alloying.”® Evidence is put forward to suggest that a
combination of high temperature and reactive precursors is
required to maximize epitaxial growth and hence minimize
blue-shift upon shelling.

Core/shell/shell CulnZnS/ZnSe/ZnS nanocrystals were
synthesized, using modified procedures reportedly previ-
ously”®?’ and as described in the Supporting Information.
Justification by the authors for their use of an intermediary
ZnSe shell is unclear and any advantages over CulnZnS/ZnS
were not explained. Previously, intermediary shelling materials
have been used to relieve the lattice strain which can occur
between materials such as CdSe and ZnS.?®?° This can greatly
improve the ease of epitaxial shell growth, allowing for thicker
shells and improved optical properties. However, in this case,
the lattice mismatch between CulnS, and ZnS is already small
at around 2%, meaning epitaxial shell growth occurs relatively
unhindered. Figure S5 highlights the small di erence in lattice
parameter between CulnS, and ZnS, as compared to CdSe and
ZnS. Instead, we explored the inclusion of a ZnSe shell as a
potential route to reducing the blue shift caused by di usion of
Zn into the CulnZnS core, observed when adding only a ZnS
shell. This should be relatively straightforward, as the lattice
mismatch on zinc blende ZnSe/ZnS is only 4.5%. It was
hypothesized that the smaller band gap of ZnSe compared to
ZnS could allow for greater wave function leakage, resulting in
a red-shift of the PL. The use of a ZnSe layer has also been
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explored by Wang's group, notably for shifting the optical gain
in ZnSe,_,Te, quantum dots.**>*

Growth of the ZnSe shell was achieved via a successive ion
layer adsorption and reaction (SILAR) method in which the
alternate addition of Zn and Se precursors resulted in the
formation of one ZnSe monolayer at a time. This allowed for
the controlled growth of a number of monolayers depending
on the quantity of precursors used.*” Zn oleate was used as the
Zn precursor, which was prepared via the reaction of ZnO and
OA in 1-octadecene (ODE) at 250 °C. Elemental Se was used
as the Se source and dissolved in tributyl phosphine (TBP).
The SILAR addition was followed by an annealing step, in
which the QD suspension was heated at 150 °C for 2 h to
improve crystallinity and minimize the number of defects at
the core/shell interface. The quantity of each reagent added
during SILAR growth was calculated as described elsewhere.*®
Addition of the outer ZnS shell was achieved in a similar
method to the single shell QDs, using Zn(DEDC), as a single-
source ZnS precursor.

Core CulnznS QDs with a diameter of 3.1 = 0.4 nm (n =
25) were first coated with ZnSe to give CulnZnS/ZnSe
nanocrystals of 3.5 £ 0.5 nm after annealing, indicating the
addition of 1.2 monolayers (MLs) of ZnSe (for a calculated
value of 0.33 nm per ML) (Figure 3). Prior to the annealing
process, the QDs had an average diameter of 4.0 £ 1 nm (n =
40). The slight decrease in size and size distribution possibly
occurs due to cation di usion within the QD and loss of
surface layers. Subsequent addition of a ZnS shell resulted in
nanocrystals with a diameter of 41 = 05 nm (n = 25),
corresponding to the further addition of 2.1 MLs of ZnS (0.31
nm per ML).

https://doi.org/10.1021/acs.cgd.4c00528
Cryst. Growth Des. 2024, 24, 6275—6283
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No significant shifts or peak with changes were observed in
the di raction patterns upon addition of ZnSe and ZnS shells,
as shown in Figure S6, and may indicate the formation of an
alloyed surface rather than discrete shells.

Figure 4 shows the 780 nm emission of the initial core QDs
and the resulting red shift upon addition of a ZnSe shell to ca.

Figure 4. Absorption and PL spectra of core, core/shell and core/
shell/shell QDs.

789 nm. In contrast to the addition of a Zn$S shell discussed
above, we suggest the lack of blue shift was due to limiting the
di usion of ions out of the core QDs, giving a minimal change
in size and emission. The red shift to longer wavelength may
reflect leakage of the exciton wave function from the core into
the shell material, due to the smaller di erence in band gap
energies and hence less e ective confinement.** Figure 4
shows no significant shift in the PL maximum during the
annealing step although the emission profile narrowed, in
keeping with the size focusing observed by TEM. Emission
from CulnZnS/ZnSe/ZnS nanocrystals showed a slight 6 nm
blue shift to 783 nm, which is most likely due to the large band
gap ZnS shell aiding exciton confinement and not a change of
size given the presence of the ZnSe shell. There was a 5 nm
shift to lower wavelengths, a result of the annealing process,
indicating a potential decrease in core size through ion
di usion although it is not clear why this does not occur during
the first shelling procedure. The QY of the final core/shell/
shell nanocrystals was measured absolutely to be 30.9 + 0.4%,
close to that of CulnZnS/ZnS QDs but at a slightly red-shifted
wavelength more suited to NIR imaging.

In order to develop these for biological applications, phase
transfer into water was required. Phase transfer can usually be
achieved by either ligand exchange or encapsulation.
Encapsulation retains the original organic surface ligands
and, as a result, does not always result in such a large decrease
in QY.** Removal of the organic surface ligands can result in
the formation of defect sites on the surface that, if not
passivated, can allow for nonradiative recombination. Encap-
sulation is commonly used for the stabilization of QDs in
water, although the resulting materials are often di cult to
functionalize.” Encapsulation of QDs and their surface ligands
can, however, also result in particles with large hydrodynamic
diameters, limiting their biological utility.

QD encapsulation was initially attempted through the use of
hydrophobic, maleic anhydride (MAg-containing polymers as
reported for iron oxide nanoparticles.”®*’ In a typical reaction,
poly(styrene maleic anhydride) (PSMA) or poly(maleic
anhydride-alt-1-octadecene) (PMAQO) was added to a
suspension of QDs in chloroform and stirred for 1 h, followed
by heating to 70 °C in a water bath and the dropwise addition
of sodium hydroxide solution. To improve the encapsulation
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potential of the polymers, PMAO and PSMA were first
functionalized with a hydrophilic, long chain amine as
described elsewhere.*®** The amine provided the hydrophilic
moiety and are typically amine-functionalized poly(ethylene
glycol) (PEG) chains, such as the Je amine. Amphiphilic
polymers prepared in this way are favorable over phospholipids
for QD encapsulation due to the significantly lower cost of the
reagents needed.*> Not all the MA groups necessarily reacted
to form amide linkages; the ratio of amine to MA groups was a
significant variable in the success of QD encapsulation and is
outlined in the experimental section. For both PMAO and
PSMA, the number of maleic anhydride groups was estimated
from the average molecular mass. In the case of PMAO, for
example, 114 Je amine M1000 polymers were required on
average to react with all the MA groups on a single PMAO
polymer chain (average M,, = 30,000—50,000)

PMAO-Je amine and PSMA-Je amine polymers were
added to QD suspensions in chloroform and stirred for 24 h
to begin the encapsulation procedure. Subsequently the
chloroform was removed under vacuum, leaving a brown
film. Addition of potassium hydroxide solution and sonication
for 30 s was then carried out to suspend the brown solid in
water. In the case of PMAO-Je amine encapsulated QDs, the
brown film could be suspended in 0.01 M KOH with
sonication to give optically clear, brown dispersions of QDs
in water. The same treatment with PSMA-Je amine QDs
resulted in cloudy suspensions that were found to be unstable
over a period of days, as shown in Figure S7.

Dynamic light scattering (DLS) analysis of the encapsulated
QDs indicated that PSMA-Je amine resulted in the largest and
most polydisperse structures, all at over a pym in diameter.
Exact hydrodynamic diameters could not be determined due to
the extreme polydispersity and are presumed to be above 1 ym
regardless of QD capping agent. The inability of PSMA-
Je amine to su ciently stabilize QDs in water may be due to
poor hydrophobic interactions between the phenyl group of
styrene and the long chain capping ligands on the QD surface.
We have included DLS intensity plots of the organic capped
particles (TOP, OAm, and OA) and the polymer encapsulated
particles to accompany the hydrodynamic diameter measure-
ments in the Supporting Information (Figures S8 and S9,
respectively).

PMAO-Je amine encapsulated QDs, however, could be
successfully characterized and diameters of 35 + 11, 54 + 18,
and 350 * 129 nm were measured for TOP-, OA- and OAm-
coated QDs, respectively. The large size and polydispersity of
the encapsulated OAm-capped QDs again matched the cloudy
appearance of the aqueous suspension. This may reflect the
di culty in cleaning OAm-capped QDs, for which excess OAm
can inhibit the formation of small polymer/QD micelles.*?
While the resulting hydrodynamic size of these encapsulated
QDs was significantly larger than the original QDs, the size was
still within a relevant range for in vivo use. Particles up to
around 50 nm can be successfully used for lymph node
imaging, whereby QDs collect in the sentinel lymph nodes of a
cancerous tissue due to the larger size.”” The success of the
encapsulation with TOP- and OA-coated QDs was reflected in
their emission properties (Figure S7) with brightest emission
measured from QDs with the smallest hydrodynamic
diameters. As expected, there was a decrease in QY from
309 = 0.2 to 17 = 5% (for OA-PMAO-capped QDs), most
likely due to ligand stripping and aggregation. Of the phase
transferred materials which exhibited bright emission after
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phase transfer (QD materials capped with either TOP or OA,
and PMAO), the OA-capped QDs were of higher interest
going forward as it expected that the cytotoxicity of OA is
lower than that of TOP. Toxicity is an important concern in
the encapsulation method as micelle components may be
released in vivo, increasing the e ective toxicity of the
nanomaterial. Electron microscope images of the PMAO-
Je amine encapsulated, OA-capped QDs indicated that while
discrete QDs can still be seen, there are large aggregate
structures present that may account for the large hydro-
dynamic diameters seen in the DLS measurements. Figure 5
shows one such structure, made up of over 100 individual
QDs, indicating the encapsulation of multiple QDs.

Figure 5. TEM image of an aggregate structure of PMAO-Je amine
encapsulated, OA-capped QDs.

Having established PMAO as the preferred polymer
backbone over PSMA, the optimal polymer/amine ratio for
QD encapsulation was verified. It has been reported that the
polymer/Je amine ratio must be above ca. 1:80 to result in
water-soluble polymer conjugates,** corresponding to con-
jugation of amines to ca. 22% of the maleic anhydride groups.
The remaining anhydride groups were opened with KOH to
form carboxylic acid groups that aid in water solubility and
electrostatic repulsion between polymers. In line with the
reported observations, 1 and 5% polymer conjugates were not
soluble at neutral pH or 001 M KOH. At 20 and 25%
Je amine conjugation, the polymer could be dissolved in 0.01
M KOH, while higher percentages of amine allowed for the
solubility in neutral pH water. The suspensions for 50%
conjugation and greater were, however, initially cloudy due to
the presence of chloroform that was not completely removed
during preparation. A high degree of amine conjugation
resulted in the formation of viscous mixtures as the chloroform
was removed, inhibiting removal of the remaining solvent.
These polymers were also not desirable given their very large
molecular mass, particularly in the case of PMAO.

The PMAO-Je amine polymer conjugates with 20% amine
and higher were used for the encapsulation of core/shell QDs
to assess phase transfer e cacy. Both the 20 and 25% amine-
modified polymers formed samples that could be resuspended
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in 0.01 M KOH to give optically clear solutions that retained
NIR fluorescence. However, polymers with higher percentage
Je amine conjugation (50, 75, and 100%) formed cloudy
agueous suspensions which proved to be unstable over time,
with QDs and excess polymer precipitating out over a week.
This is potentially due to the modified polymers being too
large to adequately stabilize the QD, containing too many of
the long chain hydrophilic groups.

As an assessment of significance of the ratio of QD to
polymer, a 1:10 ratio by mass of QDs to PMAO-Je amine
(25% amine conjugation) was compared to the 1:25 mass ratio
used previously. The use of a lower polymer concentration was
expected to lead to the formation of larger aggregate structures.
However, it was observed that the 1:10 QD/polymer ratio
resulted in an optically clear dispersion in water, with a
hydrodynamic diameter of 40 + 14 nm, as compared to 75 +
18 nm for the 1:25 ratio. It was also found that the 20%
conjugation of PMAQO with Je amine resulted in smaller
encapsulated QDs than the above-mentioned (higher) 25%
modified-polymer, with the 1:10 ratio of QDs to PMAO-
Je amine giving particles with a hydrodynamic diameter of 34
#+ 11 nm, while the 1:25 ratio gave hydrodynamic diameters of
44 + 18 nm. Most likely this is a direct result of the polymer
with fewer Je amine chains being smaller and so forming
smaller encapsulated particles. The small size of the lower QD/
polymer ratio (1:10) may reflect a lower excess of polymer in
solution after QD suspension in water.

Initial cytotoxicity assessment was carried out in Hela cells
using a microscope and visual assessment of cell health. The
cells were incubated with QD concentrations up to 1 mg/mL
over 48 h at 37 °C and observed under a light microscope. Up
to 0.1 mg/mL, the majority of cells appear healthy with typical
elongated shape and evidence of reproduction (Figure S8).
This qualitative assessment of cytotoxicity allowed for
continuation of testing using an MTT assay. Quantitative
assessment of cytotoxicity was carried out in the murine
macrophage J774.1 cell line, using an MTT assay. PMAO-
Je amine encapsulated CulnZnS/ZnSe/ZnS QDs were found
to have high compatibility up to 0.033 mg per mL although cell
viability rapidly dropped above this concentration (Figure S9).
Di erences between the tolerance toward QDs of Hela and
J774 cells may explain why no detrimental e ects were
observed in HeLa cells by visual inspection. A control sample
containing only the amphiphilic polymer ligand exhibited a cell
viability of 100.5% at 0.1 mg/mL, a concentration higher than
should be present in the most concentrated QD sample. The
toxicity of these QDs at high concentration could be due either
to the release of metal ions or organic capping agents into the
cell medium and indicates poor suitability for in vivo imaging.

To rapidly assess the fluorescent properties of samples after
synthesis, an inexpensive, simple NIR imaging system was
developed using a Raspberry Pi computer. QDs that are
fluorescent in the visible spectrum can be evaluated by eye
using illumination from a UV lamp or laser pointer, but this is
not possible for the dark brown QD suspensions that emit in
the NIR. The initial outcome of a reaction cannot easily be
ascertained until full optical characterization is carried out. A
simple imaging system was assembled using a Raspberry Pi
computer and Raspberry Pi “NoIR” camera module, along with
a 715 nm long-pass filter to block out visible light. The
sensitivity of Si-based CMOS sensors in consumer products
are optimized for detection in the visible region although the
absorption of Si extends up to around 1100 nm, corresponding
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Figure 6. (a) NIR image of CulnZnS QDs directly after synthesis and (b) comparison of a luminescent and nonluminescent sample by eye. (¢)
The same samples as observed by a smart phone and Raspberry Pi “NoIR” camera under excitation by room lights in ambient conditions.

Figure 7. NIR images of core (left) and core/shell (right) QDs taken with (a) a Raspberry Pi NIR camera (samples excited using a 450 nm laser
pointer) and (b) a commercial in vivo imaging system from Maestro (455 nm excitation).

to the 1.12 eV band gap.** Typically, NIR filters are used to
block wavelengths above 650 nm although the “NoIR” camera
module has this filter removed.

Figure 6a demonstrates the use of the camera to assess the
NIR PL of a sample after synthesis, and prior to processing. It
should be noted that fluorescence cannot be detected during
synthesis due to the decrease in QY at higher temperatures as
demonstrated for CulnZnS QDs elsewhere.** Image 6b shows
two samples of colloidal CulnZnS NCs, of which one is NIR
fluorescent, and one is not. To the naked eye, the samples are
indistinguishable, and their emission properties are not obvious
without performing a spectroscopic measurement. Figure 6¢
shows the same samples as viewed using the NIR camera,
where the sample on the left can be seen to fluoresce under the
ambient of lighting of the lab.

The broad absorption of the Cu-based QDs across the
visible spectrum means that ambient light from overhead
fluorescent lighting was su cient to excite the QDs. For
samples with poor QY, typically below 5%, samples could be
excited with a laser pointer of various wavelengths (450, 532,
or 650 nm) to ensure su cient PL for detection by the camera.
This is demonstrated in Figure 7, in which the output of the
Raspberry Pi camera is compared to that from a commercially
available imaging system (Maestro). The NIR camera also
allowed for quick assessment of the progress of the phase

6281

transfer reactions discussed above. Crucially, the camera shows
whether the QY has decreased below a usable quantity.

A recent publication has demonstrated the use of a similar,
simple system in thyroidectomies for identification of the
parathyroid glands.** Only autofluorescence of the glands in
the NIR was detected but this approach could be extended to
the detection of NIR-emitting fluorophores currently used in
procedures such as lymph node mapping and tumor margin
identification.”> While widespread clinical use of such a system
is unlikely, the utility of a NIR camera in the development of
fluorescent materials in a laboratory setting is evident—
particularly because many standard spectrometers or optical
microscopes do not have detectors that reach into the NIR or
IR ranges.

B concrusions

In conclusion, CulnZnS/ZnSe/ZnS nanocrystals have been
synthesized with optical properties suitable for a NIR
fluorescence imaging probe. Importantly, NIR emission could
be achieved while maintaining a small overall nanocrystal size
that favors more rapid biological clearance in vivo. The core/
shell/shell species exhibited similar optical properties to those
of the core/shell nanocrystals through interface engineering,
with both similar QY and emission wavelength values. To
achieve water-soluble QDs, an encapsulation route was

https://doi.org/10.1021/acs.cgd.4c00528
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explored that used conjugates of PMAO and Je amine M1000.
Core/shell/shell QDs were successfully transferred into water
via this method, while retaining a high quantum yield, a
hydrodynamic diameter below 50 nm, and exhibiting negligible
toxicity at low concentrations.
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