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Fabrication, Characterization, and Spectral Properties
of Indigo Blue Nanocrystals

Alex Johnson-Buck, Gwangseong Kim, Shouyan Wang,
Hoe Jin Hah, and Raoul Kopelman

Department of Chemistry, University of Michigan, Ann Arbor,
Michigan, USA

Organic nanocrystals have been extensively studied in recent years for their unique
optoelectronic properties and for applications in medicine. We report the first
synthesis of nanocrystals from the dye compound indigo by reprecipitation. Scan-
ning electron microscopy and dynamic light scattering reveal the particles to be
approximately 10-20nm in size, among the smallest organic nanoparticles
reported, while powder X-ray diffraction shows similarities to previously reported
bulk crystals of indigo. The intense visual absorption peak of the nanoparticles is
blue-shifted relative to bulk crystals, consistent with previous observations for
nanoscale materials. Potential medical applications are discussed.
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INTRODUCTION

Recently, there has been much interest in the fabrication of nanostruc-
tured materials for applications in biology and medicine [1] as well as
for structural [2], nanoelectronic [3], and analytical [4] purposes. In
addition to the inorganic and polymer-based materials traditionally
used in this field [1-6], organic materials have also been studied
extensively for their unique electronic and optical properties [7]. More
recently, organic nanocrystals have found application in medicine as a
means to deliver pure hydrophobic drugs in concentrated form to
cancer cells [8].

Hydrophobic organic nanocrystals are usually prepared by the
reprecipitation method [9] in which a rich solution of the compound
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of interest is diluted into a large volume of poor solvent, such as water.
The “infinite dilution” results in the formation of crystals ranging from
tens to thousands of nanometers in size. Organic nanocrystals have
also been prepared using emulsion techniques [10] and, in the
case of hydrophilic compounds, reprecipitation from a saturated salt
solution or within a polymer matrix [11]. Using these methods, organic
crystals from ca. 15nm to 1 um have been prepared from compounds
ranging from polycyclic aromatic hydrocarbons to hydrophilic chromo-
phores [8-14].

Here, we report the first synthesis of nanoparticles smaller than 20
nanometers from the commercially available hydrophobic food and
textile dye indigo, prepared by reprecipitation from a DMSO-water
system. The properties and a potential biomedical application of these
particles as a contrast agent are also discussed.

MATERIALS AND METHODS

Indigo (synthetic, 95%), dimethyl sulfoxide (DMSO, 99.9+%, anhy-
drous), and Tween 80 were purchased from Aldrich and used as-is.
Indigo is quite insoluble in most solvents, including water, and after
investigating several solvents with varying polarity and functionality,
we found that the most concentrated indigo solution (ca. 0.1 mg/mL)
could be achieved in DMSO.

To prepare the nanoparticles, a saturated solution of indigo in DMSO
was filtered through a Whatman Anodisc membrane (silica, pore size
20 nm) to remove any remaining large particulates, then 400 pL of this
solution were injected through a 22-gauge needle into 10mL of
deionized water while stirring at 800 rpm. The resulting mixture was
a light blue, transparent dispersion with the appearance of a solution.
After stirring the dispersion for 5 minutes at room temperature, DMSO
was removed by centrifugation at 2000 x g in an Amicon filter tube with
30kDa MWCO and dilution in deionized water; this resulted in some
product loss due to aggregation, but most could be re-dispersed by soni-
cation for 60 minutes. Alternatively, the nanoparticles were filtered
from the dispersion through a Whatman Anodisc membrane (20 nm
pore size) under suction, then re-dispersed in deionized water by sonica-
tion in a Fisher Scientific FS30 Ultrasonic Cleaner. No significant
differences were noted between the outcomes of these two methods,
but the latter is better-suited to large-scale fabrication. The nano-
particle dispersion was stable over several weeks.

UV-Vis absorption spectra were obtained using a Shimadzu
UV-1601 spectrometer. The particles were sized using dynamic light
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scattering (DLS, Particle Sizing Systems Nicomp 380) and scanning
electron microscopy (SEM, Philips X130 FEG). Powder X-ray diffrac-
tion measurements were carried out on a freeze-dried sample of indigo
nanoparticles at room temperature using a Rigaku R-AXIS SPIDER
diffractometer with an imaging plate detector using graphite mono-
chromated Cu-Ku radiation (1.5406 A).

RESULTS AND DISCUSSION

Particle sizing by DLS shows the indigo nanoparticles to be
about 11+3nm in diameter and nearly monodisperse (97.6% of
particles fall within this range by volume-weighted distribution
using Nicomp software; data not shown). By SEM, the particles
appear approximately spherical (see Fig. 1) with an average
diameter of about 17+ 8nm after accounting for uncertainties in
topological contrast caused by sputter-coating with gold. Powder
X-ray measurements yielded a diffraction pattern consistent with
previously determined structures of indigo crystals [15,16], though
a significant portion of the sample appears to be in amorphous
phase (see Fig. 2). This suggests that either the rapidity of preci-
pitation or the small particle dimensions hampers the formation
of well-ordered crystallites.
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FIGURE 1 SEM micrograph of indigo nanoparticles prepared from deionized
water dispersion. The 10-20nm particles appear to form aggregates with
features on the order of hundreds of nanometers.
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FIGURE 2 X-ray diffraction pattern of indigo nanoparticles (green) is
consistent with the principal peaks of simulated diffraction patterns from
indigo Type A (red) and Type B (black), the two known polymorphs of indigo
[20,21]. The substantial peak broadening and weak signal in the measured
pattern are likely the result of small dimensions and/or infrequency of true
crystallites in the sample.

The absorption maximum (A,.,) of indigo in the range of
600-700nm varies quite dramatically, depending on the chemical
environment of the dye (see Fig. 3). For aqueous nanoparticles, a typi-
cal Jnax is 660 nm, in agreement with the value reported previously for
indigo in KBr pellet form [17] which likely contained some of the smal-
lest previously characterized crystallites. In contrast, the suspension
of bulk indigo crystals in Tween 80 has a A, of 678 nm, in precise
agreement with the value for solid indigo reported by Sadler [18].
Finally, a DMSO solution of indigo exhibits a Ayax of 620 nm. Thus,
the absorption maximum of the indigo nanoparticles is between that
of bulk crystals and that of free dye in DMSO solution, which is
consistent with the intermediate, mesoscopic size of the nanoparticles.
The blue-shift of the nanoparticles relative to bulk crystals is consis-
tent with trends reported previously for organic nanocrystals [12].

More concentrated (ca. 1 mg/mL) indigo nanoparticle dispersions
were prepared by scaling up the same method, isolating the nanopar-
ticles by suction filtration on a silica membrane, and redispersing
them in a smaller volume of water; this produced a dark navy-blue
liquid with an inky appearance. Although this procedure produced
aggregates of the particles larger than 1 um in diameter, after sonicat-
ing the sample for one hour and letting it sit for two days, most of these
aggregates had redispersed into particles smaller than 200nm.
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FIGURE 3 Absorption spectra of indigo as aqueous nanoparticles, bulk
crystals suspended in 2% Tween 80, and dissolved in DMSO. The absorption
maxima occur at 658 nm for nanocrystals, 678 nm for bulk crystals in
Tween 80, and 620 nm for the DMSO solution. Absorbance is normalized to
a maximum value of 1.

The hydrophobic nanoparticles are more prone to forming aggregates
of size >1um in a dilute salt solution (5g/L NaCl, Sigma-Aldrich) or
RPMI cell culture medium (RPMI 1640, + L-Alanine, — Phenol Red,
Invitrogen) than in pure water, suggesting that ionic strength
modulates the equilibrium in favor of microscale aggregation. These
aggregates do not disperse with sonication alone; however, they do,
to some extent, upon suspension in pure water or with the addition
of Bovine Serum Albumin (0.05 wt% final concentration) followed by
sonication. Microscopic aggregation is also observed when the indigo
nanoparticle concentration is increased above 0.1mg/mL in pure
water, and is evident in SEM micrographs (see Fig. 1). It may be
possible to mitigate this aggregation by coating the particles with an
inert material such as functionalized polyacrylamide, as has been done
with inorganic crystals of similar dimensions [19].

Given the intense color of the concentrated dispersions, we hope to
implement these nanoparticles as visual biomedical contrast agents.
For example, the nanoparticles might be used as a targeted stain, pro-
viding the surgeon with a visual guide for the excision of malignant
tumors. Although we have reported some preliminary work towards
such staining applications using methylene blue embedded in silica
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nanoparticles [20], it has been challenging to load a sufficient concen-
tration of dye into such nanoparticles for practical in vivo use. On the
other hand, indigo nanoparticles may provide sufficient contrast to
bypass this hurdle. The particles may localize to tumors via the
enhanced permeability and retention effect, as reported for other
organic nanocrystals [8], possibly with the aid of an albumin coating,
as in the recently reported surfactant-free hydrophobic drug formula-
tion Abraxane [21], or by use of another functionalized surface coating.
Investigations in these directions are currently underway.
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