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ABSTRACT: L-Histidine (L-His) molecules can form highly
ordered fluorescent crystals with tunable size and geometry. The
polymorph A crystal of L-His contains hydrophobic domains
within the structure’s interior. Here, we demonstrate that these
hydrophobic domains can serve as vehicles for highly efficient
entrapment and transport of hydrophobic small molecules. This
strategy shows the ability of L-His crystals to mask the
hydrophobicity of various small molecules, helping to address
issues related to their poor solubility and low bioavailability.
Furthermore, we demonstrate that we can modify the surface of
these crystals to define their function, suggesting the significance
of L-His crystals in designing site-specific and bioresponsive
platforms. As a demonstration, we use L-His crystals with loaded
doxorubicin, featuring hyaluronic acid covalently bonded on the
crystal surface, controlling its release in response to hyaluronidase. This strategy for entrapment of hydrophobic small molecules
suggests the potential of L-His crystals for targeted drug-delivery applications.
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■ INTRODUCTION

The clinical use of various potent, hydrophobic molecules is
often hampered by their poor water solubility.1 Low water
solubility results in poor absorption as well as low
biodistribution and bioavailability of hydrophobic therapeutics
upon oral administration.2 Moreover, low water solubility
causes drug aggregation upon intravenous administration,
which is associated with local toxicity and lowered systemic
bioavailability.3,4 For example, doxorubicin (DOX) is a widely
used hydrophobic anticancer drug with excellent antineoplastic
activity against a multitude of human cancers.5 However, its
clinical use is hindered by acute side effects, such as vomiting,
bone marrow suppression, and drug-induced irreversible
cardiotoxicity.6 Most of these side effects are due to the
poor water solubility of DOX.7

These challenges have driven the development of drug-
delivery systems to increase the efficacy of hydrophobic
therapeutics through improved pharmacokinetics and biodis-
tribution.8 The drug-delivery systems include particulate lipid-
and/or polymer-based carriers and the therapeutics.4,9,10 The
drug-delivery systems can also function as drug reservoirs and
improve the pharmacological properties of conventional free
drugs.11−16 A wide variety of scaffolds, such as liposomes17 and
stimuli-responsive polymeric particles,18,19 have been explored,
either covalently or noncovalently conjugating hydrophobic
drugs with these systems.8 Studies have designed the delivery
systems using a wide variety of synthetic or natural materials,
such as poly-L-lactatide,20 polyethylene glycol,21 phosphatidy-

lethanolamine,22 proteins, and vegetable oils.23−25 Despite
significant advances in the development of such drug carriers,
there remain a few problems that have resulted in therapeutic
failure, including the lack of site specificity,26 low biocompat-
ibility,27 and inefficient drug entrapment within the carriers.28

Moreover, covalent attachment in some cases requires
chemical modification, which can reduce the efficiency of
drug release or incomplete intracellular processing of a prodrug
compound.29 These strategies also involve additional complex-
ities associated with mass production difficulties and cost.
Thus, the fabrication of biocompatible platforms that can
overcome these limitations remains an important yet unmet
need.
Previous studies have reported the application of poly(L-

histidine) for fabrication of drug delivery systems.30−32 Here,
we demonstrate that L-histidine (L-His) crystals can function as
efficient vehicles to entrap hydrophobic free drugs, such as
DOX, as well as other hydrophobic small molecules, including
Nile red, β-carotene, and pyrene (Figure 1a,b). The non-
covalent inclusion of such hydrophobic molecules inside the
hydrophobic domains within the interior of the polymorph A
crystal structure of L-His suggests the capability for efficient
drug transport and release, avoiding prodrug processing issues.
As an essential amino acid, L-His crystals also have the
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advantage of being biocompatible and feature the ability to
load a large quantity of hydrophobic molecules. Furthermore,
we have recently discovered the natural fluorescent properties
of L-His crystals (the results of which will be reported
elsewhere), which suggests their potential as traceable
compounds inside biological systems.
In this study, we further demonstrate that L-His crystals can

be chemically modified at the surface to provide preferential
biological targeting to the desired site of action (Figure 1c). By
covalently cross-linking hyaluronic acid (HA) to the surface of
L-His crystals (HA-His crystals), we show that hyaluronidase
(HAase) is able to hydrolyze the HA on the HA-His crystals,
allowing the L-His crystals to dissolve in an aqueous matrix and
release encapsulated small molecules, such as DOX, to a
desired site. This scaffold provides highly efficient noncovalent
inclusion of hydrophobic molecules or active drugs with
excellent biocompatibility and efficient bioresponsive drug
release. Moreover, the HA-His crystals are potentially site-
specific, making them excellent candidates for targeting CD44-
receptors overexpressed on tumors, and thus enhancing the
permeability of anticancer drugs.

■ RESULTS AND DISCUSSION

In addition to its well-known role as an electrophilic acid, L-His
features two nitrogen atoms, designated as Nδ1 and Nε2, in its
heterocyclic imidazole system, which serve as the hydrogen
bond acceptor and hydrogen bond donor, respectively.33−35

To synthesize L-His crystals, we performed antisolvent
crystallization, adding ethanol as the antisolvent to an aqueous
solution of L-His at a 1:1 volume ratio (Figure 2a). We note
that the size of the crystals in length can be tuned from the
submicron to micron scale (500 nm to 500 μm), depending on
the crystal growth time and antisolvent.36 The L-His crystals
display bright emission at 500 nm (405 nm excitation), which
we attribute to suppressed nonradiative decay by intra-
molecular motion due to the close molecular packing of the
crystal (the fluorescence properties of the L-His crystals will be
reported elsewhere).
We also investigate the powder X-ray diffraction (XRD)

pattern of L-His crystals. The diffraction peaks of the L-His
crystal was in good agreement with the simulated diffraction
peaks of the crystal from the Cambridge Crystallographic Data
Center (CCDC, CIF code 1206541) (Figure 2b). We
measured the unit cell data of the resulting pure L-His crystals
and found that they were consistent with a previous study of L-

Figure 1. (a) Schematic representation for the preparation of L-His crystals loaded with DOX molecules. (b) CLSM images of (i) L-His crystal
emitting green color, (ii) DOX with red color in the L-His crystal. (c) Schematic representation for the preparation of L-His crystals surface-
modified with tumor-specific HA for the targeted delivery of hydrophobic DOX molecules.

Figure 2. (a) Fluorescence microscopy images of L-His crystals. (b) Simulated and experimental XRD patterns of the pure L-His crystals. (c) Ball
and stick representation of four L-His molecules arranged in the polymorph A with the orthorhombic space group P212121, showing the
hydrophobic domain surrounded by imidazole rings of the L-His molecules. (d) Ball and stick representation for the unit cell of crystals formed
after loading the small molecules, showing two L-His molecules with monoclinic space group, P21.
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His by Madden, et al.37 (CIF code 1206541) (Figure 2c). X-
ray crystallography of our L-His crystals showed a mixture of
the stable polymorph A with the orthorhombic space group
P212121 and Z = 4 molecules in the unit cell, and the
metastable polymorph B with the majority being polymorph A.
The relative fractions of these polymorphs can be tuned by
changing the supersaturation ratio of L-His in aqueous
solution, as has been shown in the previous studies.36,38

When the L-His molecules arrange in the stable polymorph A
crystals, they orient imidazole rings in the vicinity of each
other, creating a hydrophobic domain within the structure
(Figure 2c).
The structure of the L-His crystals therefore features several

hydrophobic interior domains while displaying a hydrophilic
exterior. To determine whether we could use these hydro-
phobic domains to entrap small molecules with high
entrapment efficiency, we chose three different hydrophobic
guest compounds as fluorescent probes (Nile red, pyrene, and
β-carotene) and two hydrophilic compounds [fluorescein
isothiocyanate (FITC) and norbixini] for comparison. Adding
the small molecules individually to aqueous solutions of L-His
and subsequently mixing with ethanol, we then collected the
resulting L-His crystals after 3 h. X-ray crystallography of the L-
His crystals loaded with small molecules showed the change of
the crystal’s space group from orthorhombic space group
P212121 (Z = 4) to the monoclinic space group P21 (Z = 2) in
the unit cell (Figure 2d). The transformation from
orthorhombic to monoclinic symmetry of His crystals in the
presence of hydrophobic small molecules involves minor
displacements of atomic positions. As His molecules are
crystallized in the presence of hydrophobic small molecules,
the intracrystalline voids can be loaded with hydrophobic small
molecules, which subsequently alter the hydrogen bonding
pattern and electron density of the unit cell. These changes can

potentially explain the reason of transformation from
orthorhombic to monoclinic symmetry of His crystals in the
presence of hydrophobic small molecules.
We also observed the materials using optical microscopy,

scanning electron microscopy (SEM), and confocal laser
scanning microscopy (CLSM; Figure 3a−d). The hydrophilic
small molecules (FITC and norbixin) were not observed
entrapped inside the L-His crystals, instead remaining in
solution (data not shown). However, fluorescence by the
hydrophobic β-carotene, Nile red, and pyrene compounds was
observed inside the crystals (Figure 3a−d, iv). These
observations demonstrate the entrapment of these molecules
in the L-His crystals with entrapment efficiencies of ∼96, 62,
and 87%, respectively, as determined using high-performance
liquid chromatography (HPLC; see the Methods and Materials
section). These results indicate that the L-His crystals are
specific for the entrapment of hydrophobic small molecules.
We believe that the inclusion of such hydrophobic small
molecules inside the L-His crystals is noncovalent in nature,
driven by hydrophobic interactions, hydrogen bonding, and
π−π stacking39,40 between the imidazole rings of the L-His
molecules and the aromatic regions and/or double bonds of
the hydrophobic small molecules. The entrapment efficiency
may depend on the molecular structure of the small molecules
and their ability to fit inside the L-His crystal structure.
The CLSM imaging results of the loaded L-His crystals along

the z optical axis (z-stack) indicate that the localization of the
hydrophobic small molecules occurs at the central plane of
focus (Figure 4, Movies S1 and S2). Figure 4 demonstrates the
entrapment of hydrophobic Nile red (Figure 4a,b) and pyrene
(Figure 4c) inside the L-His crystals from different dimensional
perspectives. Figure 4 verifies that the fluorescent signal of β-
carotene (Figure 4d−f) and Nile red (Figure 4g−i) is indeed
localized within the structure of the L-His crystals. The

Figure 3. (a) Pure L-His crystals; the green color in part iv represents the pure L-His crystals. (b) β-carotene-entrapped L-His crystals; the green
color represents the L-His crystals and the orange color represents β-carotene. (c) Nile red-entrapped L-His crystals; the green color represents the
L-His crystals and the red color represents Nile red. (d) Pyrene-entrapped L-His crystals; the green color represents the L-His crystals and the blue
color represents pyrene. First column (i) digital images; second column (ii) optical microscopy images; third column (iii) SEM images; fourth
column (iv) CLSM images. Scale bars: 100 μm.
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entrapment of small molecules inside the fluorescent L-His
crystals not only offers the whole system a hydrophilic surface,
which can address the challenges of poor solubility and
distribution of hydrophobic small molecules in biological
systems, but also provides protection and controlled release of
the entrapped small molecules.
We also investigated XRD patterns of L-His crystals loaded

with different small molecules. Figure 4a illustrates the XRD

patterns of pure small molecules (Figure 5a, black lines), pure
L-His crystals (Figure 5a, red lines), a dry mixture made of L-
His crystals with powders of various small molecules (Figure
5a, blue lines), and small molecule-loaded L-His crystals
(Figure 5a, green lines), made as previously described. A
characteristic powder diffraction peak of polymorph A appears
at 2θ ≈ 19° (Figure 5a, red lines). The XRD analysis of crystals
obtained from small molecule-loaded L-His crystals (Figure 5a,
green lines) yields a different XRD pattern in comparison with
the pure L-His crystals (Figure 5a, red lines). The XRD
patterns of L-His crystals loaded with β-carotene and Nile red
show an increase in the intensity of the peaks at 2θ ≈ 22° and

24°, respectively, whereas the XRD pattern of the pyrene-
loaded L-His crystals remains similar to that of the pure L-His
crystals (Figure 5a, i−iii, green lines). The changes in the peak
intensities indicate the change of electron density inside the
unit cell and where the atoms are located,41 and can be
influenced by the inclusion of hydrophobic small molecules.
This result is in good agreement with the results of single
crystal X-ray crystallography, showing the change of the L-His
crystals’ unit cell upon loading of small molecules (Figure
2c,d). The dominant peaks of the pure small molecules at 2θ ≈
19°, 13°, and 12° for β-carotene, Nile red, and pyrene,
respectively (black lines), disappear in the small molecule-
loaded crystal samples (green lines), which confirms the
loading of the small molecules inside the structure of the L-His
crystals. In contrast, for the manual dry mixture of the L-His
crystals and small molecules (blue lines), the XRD patterns are
different and the dominant peaks of the small molecules at 2θ
≈ 19°, 13°, and 12° for β-carotene, Nile red, and pyrene
remain (Figure 5a, i−iv).
Because of the exceptional ability of L-His crystals to

fluoresce and entrap hydrophobic small molecules within their
hydrophilic structure, we applied these crystals to entrap DOX,
a highly hydrophobic chemotherapeutic, to address its poor
solubility, which can cause cardiotoxicity and lowered systemic
bioavailability.7 Figure 1b shows the L-His crystals loaded with
DOX, featuring an entrapment efficiency of 55%. The XRD
patterns of the L-His crystals loaded with DOX show an
increase in the intensity of the peak at 2θ ≈ 32° (green line),
indicating that the change of electron density inside the unit
cell is potentially influenced by the inclusion of DOX
molecules (Figure 5a, iv).
We also demonstrate that the surface of these L-His crystals

can be chemically modified to make them site-specific for
targeted drug delivery to a specific site of action. Here, we
modify the surface of the L-His crystals loaded with DOX using
HA (Figure 1c). HA is a natural, nontoxic, and biodegradable
acidic polysaccharide composed of N-acetylglucosamine and D-
glucuronic acid disaccharide units.42 HA can serve as an active
targeting ligand with high binding affinity to cell-membrane-
bound CD44 receptors,26 which are found on the surface of
several malignant tumor cells.43−45 We propose to modify L-
His crystals with HA to enhance the specificity of the L-His
crystals to deliver DOX to tumor cells and decrease the chance
of cytotoxicity and the drug’s uptake by normal cells. More
importantly, HAase, which plays a significant role in tumor
growth, invasion, and metastasis, is widely distributed in the
acidic tumor matrix and cleaves internal β-N-acetyl-D-glucos-
amine linkages in the HA.45 HAase is increased in various
malignant tumors, including head and neck, colorectal, brain,
prostate, bladder, and metastatic breast cancers.46 HA binds to
the receptor (CD44) on the surface of the cancer cell and is
then cleaved by HAase.46 We hypothesized that this enzyme
could be used to hydrolyze HA on the surface of HA-His
crystals, allowing the L-His crystals to dissolve in the aqueous
matrix and efficiently release the entrapped DOX.
To modify the surface of L-His crystals with HA, we first

modified the surface of the L-His crystals with thiolated
histidine methyl ester (SH-HME), and then cross-linked the
SH-HME with thiolated HA (SH-HA) through the formation
of disulfide bonds (Figure 1c, see the Methods and Materials
section for more details). Figure S1a shows the schematic
illustration for the synthesis of SH-HA and SH-HME. The
comparison between Fourier transform infrared (FTIR)

Figure 4. (a) CLSM imaging data collected at different dimensions of
the L-His crystals, confirming the localization of the hydrophobic Nile
red inside the L-His crystals. (b) Ortho demonstration of L-His
crystals with entrapped Nile red. (c) Ortho demonstration of L-His
crystals with entrapped pyrene. (d) CLSM imaging data of L-His
crystals with entrapped β-carotene in 2D. (e,f) CLSM imaging data of
L-His crystals with entrapped β-carotene in 2.5D, with intensity on the
Z-axis. (g) L-His crystals with entrapped Nile red in 2D. (h,i) L-His
crystals with entrapped Nile red in 2.5D, confirming the localization
of the hydrophobic small molecules inside the L-His crystals. The
green color represents the L-His crystals, and the orange, blue, and red
colors represent the β-carotene, pyrene, and Nile red, respectively.
Scale bars: 100 μm.
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spectra of HA and SH-HA shows a significant decrease of the
peak at 1610−1620 cm−1 associated with the HA carboxyl
groups, confirming the formation of SH-HA (Figure S1b).
Figure S1c shows the formation of disulfide bonds between
SH-HA and SH-HME. The L-His crystals are smooth before
surface modification (SEM images, Figure 5b,c). The chemical
modification of the L-His crystals through the formation of
disulfide bonds between SH-HME and SH-HA forms a

uniform layer of HA on the surface of the L-His crystals
(Figure 5d,e). In contrast, applying the HA solution directly to
the surface of the L-His crystals does not result in a uniform
layer on the crystal (Figure 5f,g). Surface modification of the L-
His crystals with HA also changes the XRD pattern, showing
two dominant peaks at 2θ ≈ 33° and 46° (Figure 5a, iv, pink
line).

Figure 5. (a) XRD patterns of the L-His crystals with entrapped small molecules (green lines) in comparison with L-His crystals (red lines), small
molecules (black lines), a mixture of L-His and small molecules (blue lines), and surface-modified L-His crystals with entrapped small molecules
(pink lines) for (i) β-carotene, (ii) Nile red, (iii) pyrene, and (iv) DOX. (b) SEM images of the L-His crystals before surface modification; (c)
magnification of (b). (d) L-His crystals after chemical surface modification through disulfide bonds with HA; (e) magnification of (d), with the
inset showing a further magnified image. (f) L-His crystals after surface modification through manual mixing of the crystals with HA solution; (g)
magnification of (f).

Figure 6. Enzymatic degradation of HA-His crystals in the presence of 1 or 10 U/mL HAase at 37 °C. (a) Schematic of HA-His crystals that can be
degraded by HAase, and digital images of the HA-His crystals after 4 h without the presence of HAase [control, (i)] and in the presence of HAase
(ii). (b) Cumulative release of DOX from HA-His crystals. (c) Schematic of the enhanced delivery of hydrophobic chemotherapeutics by the HA-
His crystals for cancer therapy: (i) HA-His crystals accumulate in the tumor; (ii) HA-His crystals are internalized by the CD44 receptors on the
tumor cells; (iii) HAase leads to the degradation of HA on the crystal surface, dissolving the crystals; and (iv) release of the hydrophobic
chemotherapeutics over time to cause the tumor cell death.
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We compared the release behaviors of DOX from the HA-
His crystals after incubation with and without HAase (Figure
6a,b). Figure 6a illustrates that the HA-His crystals start to
disintegrate in the presence of HAase after 4 h. In vitro release
experiments revealed that less than 35% of DOX is released
from the HA-His crystals after 72 h in a phosphate buffer,
whereas 84% of DOX is released during that same time in the
presence of 1 U/mL HAase (Figure 6b). In the presence of 10
U/mL HAase, the release rate is accelerated and 86% of DOX
is released in 40 h (Figure 6b). This result indicates that the
HA-His crystals incubated with HAase markedly increase the
release of DOX. Thus, HA-His crystals can potentially bind to
CD44 receptors on the surface of tumor cells, enhancing the
cellular uptake, and then release entrapped DOX upon
degradation by HAase to the intracellular compartments of
tumors, increasing apoptosis of tumor cells (Figure 6c).

■ CONCLUSIONS
In this work, we demonstrate the entrapment of hydrophobic
small molecules inside the hydrophobic domains of L-His
crystals, providing a potential biocompatible platform for
protecting hydrophobic drugs. As the entrapment of hydro-
phobic small molecules is at the molecular level, the
entrapment efficiency is relatively high and possibly depends
on the molecular structure of the small molecules. We confirm
the entrapment of hydrophobic small molecules inside the L-
His crystals using confocal microscopy. Moreover, the X-ray
powder diffraction and single crystals X-ray crystallography
data show the change of electron density and symmetry in L-
His crystals. Interestingly, we demonstrate that the symmetry
of L-His crystals is changed from orthorhombic to monoclinic
in the presence of the hydrophobic small molecules. This
change can be due to the change in the hydrogen-bonding
pattern between L-His molecules in the presence of hydro-
phobic small molecules. The modification of the L-His crystals
at the surface using polymers and/or hydrogels could enable
intracellular trafficking and site-specific delivery of hydro-
phobic therapeutics, providing a drug-delivery system with
targeting features. For example, the L-His crystals with HA
covalently bonded to their surface and loaded with DOX are
able to target tumor cells and control the release of DOX in
response to HAase overexpressed in these cells. We
demonstrate that the HAase can increase the rate of DOX
release from the HA-His crystals. The composition of the
surface can be controlled and tuned for optimization with
other enzymes and physiological media. Releasing the
entrapped hydrophobic drugs as the HA-His crystals are
degraded and dissolved in the aqueous media can also reduce
the chance of local toxicity to normal cells due to drug
aggregation. The successful entrapment and targeted release of
hydrophobic small molecules in the HA-His crystals suggests
that further study is warranted to probe the possible
implementation of amino acid crystals in promoting the
delivery of hydrophobic therapeutics with low solubility and/
or delivery of a combination of hydrophobic drugs to treat
multidrug resistance. This strategy helps to address issues
related to the poor solubility and low bioavailability of such
molecules. These L-His crystals can also be investigated in
terms of improving the imaging and tracking of entrapped
therapeutic agents due to the crystals’ natural fluorescence
properties. However, further research and in vivo studies are
essential before the potential of HA-His crystals in cancer
therapy can become a reality.

■ METHODS AND MATERIALS
Preparation and Characterization of the L-His Crystals with

Entrapped Small Molecules. A 30 mg/mL solution of L-His
(≥99%, Sigma-Aldrich) was prepared by dissolving L-His powder in
Milli-Q water using a vortex mixer at ambient temperature in a
Corning 15 mL centrifuge tube with a closed cap. Then, 500 μL of the
aqueous solution of L-His and 500 μL of 200 proof ethanol
(KOPTEC, PA, US) were added to 200 μL of the small molecule
solution (2 mg/mL). The small molecules used in this study were
Nile red (>98%, Sigma-Aldrich), pyrene (>98%, Sigma-Aldrich), β-
carotene (>97%, Sigma-Aldrich), and DOX HCl (DOX, >98%, Fluka,
Mexico City, Mexico). The solution was vortexed for 15 s and kept
static at ambient temperature. After 3 h, crystals were collected and
washed with ethanol to remove the free small molecules from the
surface of the crystals and the supernatant was collected to measure
the concentration of the nonentrapped small molecules using HPLC.
An Agilent 1200 LC System with a binary SL pump & diode array
detector, Shodex RI-501 refractive index detector (single channel)
and an Agilent 1100 column compartment (G1316) was utilized to
carry out the analysis. Each individual sample of small molecules was
quantified based on an optimized method reported in the literature
for β-carotene,47 Nile red,48 pyrene,49 and DOX.50 The entrapment
efficiency of the crystals was calculated by subtracting the
concentration of the nonentrapped small molecules in the supernatant
from the primary amount of small molecules, as follows in eq 1

=
−

×
M M

M
Entrapment efficiency (%) 1000 s

0 (1)

in which M0 is the primary concentration of small molecules used in
the formulation, and Ms is the concentration of nonentrapped small
molecules in the supernatant.

L-His crystal controls were prepared using the same procedure, but
without the addition of small molecules. Unit cell data for the L-His
crystals were collected on a Rigaku Synergy XtaLAB diffractometer.
The morphologies of the crystals were observed using a Zeiss 710
laser scanning confocal microscope (Carl Zeiss Microscopy, Thorn-
wood, NY), an inverted optical microscope (DMIL LED, Leica)
connected to a fast camera (MicroLab 3a10, Vision Research), and a
scanning electron microscope (LEO Zeiss 1550 FESEM (Keck SEM)
and Zeiss Gemini 500). All SEM images were obtained under the high
vacuum mode without sputter coating. XRD measurements were
performed using a Bruker D8 ADVANCE ECO powder diffrac-
tometer (MA) operated at 40 kV and 30 mA (Cu Kα radiation). The
crystals were scanned at room temperature from 2θ = 10−60° under
continuous scanning in 0.02 steps of 2θ min−1.

Synthesis of Thiolated HA. Sodium hyaluronate (>43%
glucuronic acid, Bulk Supplements, Henderson, NV, USA) was used
after being dialyzed against distilled water, followed by lyophilization.
L-cysteine methyl ester was synthesized to protect the carboxyl groups
of L-cysteine using a previously described method.51 The covalent
attachment of L-cysteine methyl ester to sodium hyaluronate was
achieved through the formation of amide bonds between the primary
amino groups of the cysteine methyl ester and the carboxylic groups
of hyaluronate. To synthesize SH-HA, we used a method previously
reported in the literature.52 In brief, sodium hyaluronate (2.5 mmol)
was dissolved in 100 mL of distilled water, to which N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.5
mmol, >98%, Sigma-Aldrich) and cysteine methyl ester (2.5 mmol)
were added under slow stirring. The pH was adjusted to 5.3 by the
addition of 1 M NaOH. After incubating the solution for 5 h, the
solution was transferred to dialysis membrane discs (MWCO 3.5 kDa,
Thermo Scientific) and dialyzed three times against 1% NaCl for 3
days, and finally against distilled water for 1 day. The solutions were
then freeze-dried to obtain a white solid and investigated by FTIR in
the region from 4000 to 400 cm−1 (120 scans, resolution of 2 cm−1)
using an IRAffinity-1S FTIR spectrophotometer (Shimadzu Scientific
Instruments/Marlborough, MA).

Synthesis of Thiolated Histidine Methyl Ester. Histidine
methyl ester (HME) was synthesized using a previously described
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method.51 The SH-HME was synthesized by reacting HME (1 mmol)
with 2-iminothiolane hydrochloride (0.4 mmol, >98%, Sigma-
Aldrich) in PBS (50 mL; pH 7.4) for 12 h at room temperature.
After washing the SH-HME using deionized water, the solution was
lyophilized to obtain a powder of SH-HME.
Synthesis of HAase-Responsive, HA-Modified Histidine

Crystals with Entrapped DOX (HA-His Crystals). After synthesiz-
ing the L-His crystals with entrapped DOX, as described earlier, SH-
HME (0.01 g) was added to the crystal dispersion, followed by the
addition of 200 μL of ethanol to start growing the SH-HME crystals
on the surface of the L-His crystals to form thiolated histidine crystals
(SH-His crystals). The SH-His crystals were incubated at room
temperature for 3 h. Next, SH-HA (0.03 g) was added to the SH-His
crystal dispersion, and the pH was adjusted to 8 with 1 M NaOH.
Then, 50 μL of chloramine T solution (50 mM in PBS buffer, pH 7.4,
>98%, Sigma-Aldrich) was added, based on a previously reported
method,53 to induce thiol-mediated conjugation of the SH-HA onto
the SH-His crystals. After 1 h incubation at room temperature, the
resulting HA-modified histidine crystals (HA-His crystals) were
collected from the falcon tubes by centrifugation at 1000g for 5 min,
washed with ethanol, freeze-dried, and stored at 4 °C.
In Vitro Enzyme-Triggered Drug Release of DOX-Loaded

HA-His Crystals. HAase-triggered drug release profiles of the DOX-
loaded HA-His crystals were monitored using HPLC. The DOX-
loaded HA-His crystals were incubated with different concentrations
of HAase in an acetate buffer (pH = 4.3, 37 °C) for 72 h. To measure
the drug release profiles of DOX, we used HPLC and attained the
data at predetermined time points after incubating the DOX-loaded
HA-His crystals with the acetate buffer. Supernatants were used to
measure the drug release profiles using a dialysis method. In brief,
lyophilized HA-His crystals (5 mg) were dispersed in 1 mL of acetate
buffer (pH = 4.3, 37 °C) containing different concentrations of HAase
(0, 1, and 10 U/mL). The dispersed HA-His crystals were transferred
to Spectra/Por regenerated cellulose dialysis tubes (molecular weight
cutoff = 10 000, Float A lyzer) immersed in 15 mL of acetate buffer
(pH = 4.3, 37 °C) containing 1.6% Triton X-100 and gently shaken at
37 °C in a water bath at 100 rpm. The medium was replaced with
fresh medium at predetermined time points. The cumulative release
of DOX was calculated as per eq 2

= ×∞M MCumulative release (%) ( / ) 100t (2)

in whichMt is the amount of DOX released from the crystals at time t,
and M∞ is the amount of DOX in the crystals.
Statistical Analysis. The results were subjected to analysis of

variance (ANOVA) using SPSS software package version 15.0 for
Windows. All measurements were performed in triplicate. Mean
comparisons were performed using the post hoc multiple comparison
Duncan test to determine if differences were significant at P < 0.05.
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