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Abstract

This study demonstrates the application of metal-assisted and microwave-accelerated evaporative
crystallization (MA-MAEC) technique to rapid crystallization of L-alanine on surface engineered
silver nanostructures. In this regard, silver island films (SIFs) were modified with
hexamethylenediamine (HMA), 1-undecanethiol (UDET), and 11-mercaptoundecanoic acid
(MUDA), which introduced -NH,, -CH3 and -COOH functional groups to SIFs, respectively. L-
Alanine was crystallized on these engineered surfaces and blank SIFs at room temperature and
using MA-MAEC technique. Significant improvements in crystal size, shape, and quality were
observed on HMA-, MUDA- and UDET-modified SIFs at room temperature (crystallization time
=144, 40 and 147 min, respectively) as compared to those crystals grown on blank SIFs. Using
the MA-MAEC technique, the crystallization time of L-alanine on engineered surfaces were
reduced to 17 sec for microwave power level 10 (i.e., duty cycle 100%) and 7 min for microwave
power level 1 (duty cycle 10%). Raman spectroscopy and powder x-ray diffraction (XRD)
measurements showed that L-Alanine crystals grown on engineered surfaces using MA-MAEC
technique had identical characteristic peaks of L-alanine crystals grown using traditional
evaporative crystallization.
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Introduction

The importance of the amino acid L-Alanine in the quest to understand molecular structure
and function has been previously described in literature.! While L-alanine is one of the most
structurally simple amino acids, it constitutes a large component of proteins. It also provides
energy for organs such as the brain and central nervous system, and is also highly active in
the immune and metabolic systems of the human body.? In addition, due to recent studies
predicting its health benefits, demand has risen sharply for a solid form in which the amino
acid can be consumed.3 Subsequently, development of new or improvement of the existing
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crystallization methods for L-alanine has become of large interest to researchers. In crystal
form, L-Alanine not only acts as an essential nutrient for the body but its organic properties
make it a potential candidate for a nonlinear optical crystal. In this regard, new crystal
growth methods are also being developed in order to obtain suitable crystals in terms of their
size and desired morphology.*

One can find a number of crystallization methods for L-alanine and other amino acids,
including polarized laser light irradiation in solution, and engineered surfaces such as
nanoscale cylindrical pores,® platforms for micro-droplet solvent evaporation and self-
assembled monolayers (SAMs) of alkane thiols on patterned surfaces through solvent
evaporation.’ Recently, Trout et. al. described a detailed investigation of the role of surface
chemistry and morphology of porous polymer surfaces on heterogeneous nucleation of
aspirin.8 In this study, the authors employed carboxyl, hydroxyl, tertiary amide and amine
and phenyl ring as functional groups and found out that these functional groups have a
profound effect on the nucleation and growth of aspirin crystals. Engineered surfaces clearly
demonstrated the important role of surface chemistry in crystal nucleation and growth.

However, in all these reports, crystallization of amino acids and small molecules at room
temperature by traditional evaporation techniques takes several hours or longer to complete.
Recently, our research laboratory described a new method, called the metal-assisted and
microwave-accelerated evaporative crystallization (MA-MAEC),? for “on-demand”
crystallization of amino acids in a matter of seconds. MA-MAEC technique is based on the
combined use of microwave heating and plasmonic nanostructures, which affords for
speeding up the crystallization process and functions as selective nucleation sites for amino
acid crystal growth, respectively. To date, we have demonstrated the application of MA-
MAEC technique to rapid crystallization of glycine® and L-alanine! on blank SIFs, where
the crystallization process was accelerated from hours to several seconds.! However, using
blank (unmodified) SIFs in MA-MAEC-based crystallization scheme did not always yield
all crystals with desired size distribution or high enough quality for optimum harvest.!

In an attempt to further improve the L-Alanine crystal size, shape and quality, this study
presents the results of the combined use of engineered surfaces with MA-MAEC, where
SIFs were modified with HMA, UDET and MUDA to introduce —-NH,, -CH3 and -COOH
functional groups to the surface of SIFs. Significant improvements were observed in the size
and shape of crystals produced on these engineered surfaces using both room temperature
crystallization and MA-MAEC. The total time complete evaporation varied between 40-147
min and 17 sec to 7 min for room temperature crystallization and MA-MAEC, respectively.
In addition, the growth of crystal was monitored, at time intervals starting with the initial
deposition of L-alanine solution on engineered surfaces and until the complete evaporation
of solvent occurs, using optical microscopy. L-alanine crystals were characterized by Raman
spectroscopy and powder XRD measurements, which showed that L-Alanine crystals grown
on engineered surfaces using MA-MAEC technique had identical characteristic peaks of L-
alanine crystals grown using traditional evaporative crystallization. As observed by other
research groups, L-alanine crystals on engineered surfaces using MA-MAEC technique had
the same polymorph. These results showed that one can collect crystals with desired size and
shape before all the molecules in the initial solution are crystallized.

With the combination of surface engineering and MA-MAEC, perfect L-Alanine crystals
can be rapidly grown on-demand. Further development of this technique may be applicable
to molecules such as peptides, proteins, and inorganic molecules, and would greatly reduce
the time that is required for perfect, useable crystals to be grown.

Cryst Growth Des. Author manuscript; available in PMC 2013 January 01.
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Materials and Methods

Materials

Silver nitrate was purchased from Spectrum Chemical MFG Corp. 190-proof ethanol (95%)
was purchased from Pharmco Products Inc. Sodium hydroxide, ammonium hydroxide, D-
glucose, hexamethylenediamine (HMA), 1-undecanethiol (UDET), 11-mercaptoundecanoic
acid (MUDA), and L-Alanine were purchased from Sigma-Aldrich. All chemicals were used
as received.

Methods. Preparation of SIFs

SIFs were prepared as previously described.10 Silver nanoparticles were precipitated by the
addition of NaOH to AgNQg3 then quickly redissolved again by the addition of NH,OH and
cooled to 5°C. Blank glass slides (Corning) were submerged in the silver solution for several
minutes until coated with a yellow-green tinge.

Preparation of Surface Engineering Solutions

50 mM solutions of HMA, UDET, and MUDA were prepared by the mixture of 190-proof
ethanol and appropriate amounts of each surface modifying chemical. Solutions were stored
in glass bottles (Corning) in a dry room temperature environment in between uses. Dry SIFs
were completely submerged in HMA, UDET, and MUDA solutions for three hours, then
removed and air- dried before L-Alanine solution was deposited.

Preparation of L-Alanine solution

A 2.70 M solution of L-Alanine (pH = 5.3) was prepared as previously described.! L-
Alanine was dissolved in double-distilled water (Millipore) and heated to 60°C. Solution
was examined for colorlessness, transparency, and absence of undissolved particles before
being deposited onto SIFs. To prevent alterations to the solubility curve of the L-Alanine
solution, a new solution was prepared and used for crystallization each day.

Crystallization of L-Alanine

L-Alanine was crystallized as described in previous literature. Solution was applied to SIFs
in 20 FL drops and was crystallized at room temperature or through microwave heating. The
MA-MAEC technique was performed in a Frigidaire microwave oven at power levels 1, 5,
and 10. At power level 10, 700 watts of microwave heating were applied to the sample for
100% of the designated time. At power level 5, 700 watts were applied for 50% of the time;
at power level 1, 700 watts were applied for 10% of the time.

Characterization of L-Alanine Crystals

Crystal growth images were recorded with a Swift Digital M10L Monocular Microscope
(Swift). Crystals were characterized by raman spectroscopy through a Raman spectrometer
system (/~Raman).

Powder X-ray diffraction (XRD) data for L-alanine crystals placed in a capillary tube with
thin walls (0.02 mm) were collected using an in-house X-ray generator (MicroMax 7,
Rigaku/MSC, The Woodlands, TX) and a Raxis4++ image plate detector (Rigaku/MSC).
The distance between the detector and samples were kept constant at 75 mm. The radiation
source was CuKa (wavelength: 0.154 nm). The 2-D XRD data was collected at 0° <6< 120°
at values of 0°<26< 40°.

The ADXYV software (http://www.scripps.edu/~arvai/adxv.html) was used for
interconversion of images between different formats. The 2D images were integrated to
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generate the 1-D Intensity vs. 26 plots using FIT2D softwarel® (http://www.esrf.eu/
computing/scientific/FIT2D/).

Results and Discussion

Since this study employs SIFs and surface engineered (i.e., surface modified) SIFs, it is
important to comment on both the nature of SIFs and the interaction of L-alanine with
functional groups present on surface engineered SIFs. The use of surface modification
procedure with HMA, MUDA and UDET is only effective when plasmonic structures such
as silver nanostructures are present on the surface of glass slides and thus blank glass slides
were not modified with HMA, MUDA and UDET. SEM image (Supporting Information,
Figure S1) of SIFs show that SIFs were deposited onto glass slides in a homogeneous
manner and the size of SIFs was 50-90 nm. In this regard, the distance between the
individual nanoparticles varied between > 10 — 150 nm (150 nm is observed in < 5% of the
imaged area), which is thought to have an important role in crystal growth. Since the size of
the L-alanine crystals (>100 m) is significantly larger than the size and the distance between
the SIFs, it is thought that a large number of nanoparticles serve as multiple nucleation sites
for single crystals. In this regard, Scheme 1 depicts the predicted assembly of L-alanine
molecules on blank SIFs and on surface engineered SIFs. The assembly of a monolayer of
L-alanine on blank SIFs takes place through the interaction of primary amine (-NH *5)
group of L-alanine with the silver surface (i.e., chemisorption). Subsequent L-alanine
molecules assemble onto the L-alanine monolayer through - NH3* / -COO- group
interactions (i.e., electrostatic). The orientation of L-alanine assembly onto the engineered
surfaces is dependent on the type of functional group present on SIFs as depicted in Scheme
1. The assembly of L- alanine on to HMA-modified SIFs, which present -NH, functional
groups, takes place through the electrostatic interaction of -COO" group of L-alanine with
the -NH, group of HMA. In the case of MUDA-modified surfaces, the orientation of
assembly of L-alanine is reversed as compared to HMA surfaces. L-alanine is expected to
assemble onto UDET-maodified SIFs through hydrophobic interactions between —CH3
groups.

The effect of using blank SIFs, surface engineered SIFs and evaporative crystallization
conditions (room temperature and microwave-accelerated, minimum = 5 samples per
condition) on the time of crystallization was studied and summarized in Table 1. For a fixed
volume of 20 L drop of 2.70 M L-Alanine solution at pH=5.3, the total crystallization time
(i.e., complete evaporation of solvent) on blank SIFs at room temperature was 41 min,
which is similar to that on MUDA-modified surfaces. On the other hand, the total
crystallization time was increased to 144 and 147 min for HMA- and UDET-modified
surfaces at room temperature. Average crystallization time for L-alanine was decreased as
the microwave power level was increased when using the MA-MAEC technique. For
example, crystallization of L-alanine on blank SIFs and MUDA-modified SIFs was
completed in 17-22 sec when using the MA-MAEC technique at microwave power level 10
and in 7-9 min at microwave power level 1. Similar to the observation made for UDET- and
HMA-modified surfaces at room temperature evaporation, the total crystallization time on
these engineered surfaces using MA-MAEC technique were longer than blank SIFs and
MUDA-modified SIFs.

The above mentioned observations can be explained by the nature of the — COOH, —-CH3
and -NH, functional groups present on SIFs. It is well known that self assembled
monolayers containing -COOH groups introduces hydrophilicity to the surfaces, while —-CHs
and -NH, groups make the surfaces more hydrophobic. In this regard, a solution of L-
alanine on these engineered surfaces spreads differently: more spreading of solution was
observed on MUDA-modified SIFs than UDET- and HMA surfaces at room temperature
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and using microwave heating. As shown in Figure S2 (see Supporting Information), the
differences in spreading of initial L-alanine solution on blank SIFs and MUDA-modified
SIFs resulted in the growth of crystals at room temperature (identical observation was made
for surfaces exposed to microwave heating) over a large surface area. L-alanine crystals
were grown on a significantly smaller surface area on UDET-modified SIFs due to the
hydrophobic nature of the surfaces. We also note that variation in the pH value of the initial
L-alanine solution was not attempted in this study due to extent of data presented here and
will be reported in due time.

Figure 1 and 2 show the optical images of L-alanine crystals grown (after complete
evaporation of the solvent) on blank SIFs and MUDA-modified SIFs (Figure 1) and UDET-
and HMA-modified SIFs (Figure 2) at room temperature and using MA-MAEC technique.
The optical images in Figure 1 and 2 show that larger L-alanine crystals was grown on
HMA- and UDET-modified SIFs than those grown on blank SIFs and MUDA-modified
SIFs. These observations can be partially explained by the spreading of the initial L-alanine
solution as described in the previous paragraph. That is, as L-alanine solution was spread
across a wider surface area on blank SIFs and MUDA-modified SIFs, crystal nucleation and
growth occurred at a larger number of sites on the surface. Subsequently, small amount of L-
alanine molecules were available for growth of crystals on all the nucleation sites. In
contrast, since the spread of L-alanine solution occurred across a significantly smaller
surface area on HMA- and UDET- modified SIFs, large amount of L-alanine molecules
were available for growth of crystals on all the nucleation sites, and hence larger crystals
were grown.

In order to better understand the crystallization process during room temperature and
microwave heating evaporation, optical images of the initial L-alanine solution and the
growing crystals on blank SIFs and MUDA-, UDET-, and HMA-modified SIFS were taken
at time intervals as indicated in the Figures 3-6 and Supplementary Figures S3-S10. It is
important to note that in all MA-MAEC experiments, microwave heating was stopped for a
brief period of time (~10 sec) to collect optical images, while the growth of crystals at room
temperature were observed on an optical microscope stage without interruption. Figure 3
(HMA_RT) shows the time progression of the growth of L-Alanine crystals on HMA-
modified SIFs at room temperature. As expected, no crystals were observed in the initial L-
alanine solution at the time of the first image (t=0 min) was taken. After only 15 min, a
single crystal of ~60 m appeared on the HMA-modified surface, which grew to its full size
~500 m in 150 min. The change in the defect on the crystal face on the plane out of page
(marked with an arrow) is clearly observed. After its appearance in the second image taken
at 15 min, the defect grew across the crystal face and later shrank as the crystal face fully
developed. L-alanine crystals grown on HMA-modified SIFs at room temperature ranged in
size from 400 to 1108 Fm, indicating up to an 8-fold increase in size compared to blank
SIFs.! However, the crystals grown on HMA-modified SIFs required up to 100 min longer
as compared to those crystals grown on blank SIFs at room temperature.

Subsequently, the growth of crystals on HMA-modified SIFs using the MA-MAEC
technique was also monitored and is shown in Figure 4 and Figures S3-S4 (Supporting
Information). Figure 4 shows the time progression of the growth of two different types of L-
alanine crystals on HMA-modified SIFs under microwave heating (power level 1). Under
these conditions, within 12 min large sized crystals already appeared. It is important to note
that the solvent was not completely evaporated until 26 min. Subsequently, some of the
crystals were observed to move around the surface < 20 min, disappearing from the imaged
area. When the power level of microwave heating was increased to 5 and 10, large L-alanine
crystals appeared on after 15 sec and complete evaporation took place in 40 sec, where L-
alanine crystals were fully formed (Figure S3-S4). The size of the crystals grown on HMA-
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modified SIFs ranged from 632 to 1452 Fm. In contrast to the short and tall trapezoidal
shape that the majority of crystals grown on HMA-modified SIFs at room temperature took
on, crystals grown using MA-MAEC technique were orthorhombic. In the case of the
crystals grown at room temperature, the evaporation of solvent was significantly slower,
affording for the growth of taller crystals. In addition, despite the improvement of crystal
quality on HMA- modified SIFs using MA-MAEC technique at microwave power levels 1
and 5, the quality of crystals grown at microwave power level 10 was significantly altered.
Although the crystals grown using microwave power level 10 were still large, the number of
crystals (minimum of 100 crystal count on 5 different samples) were significantly less as
compared to crystals grown using microwave power levels 1 and 5 and there were yet more
imperfections in crystals. This can be explained by the duration of the microwave heating
that the samples were exposed to: as these results show, continuous microwave heating at
power level 10 (duty cycle: 100%) prevented the crystallization process of growing large
and perfect L-alanine crystals, and thus resulted in the growth of smaller imperfect crystals.
In this regard, the use of microwave heating at power levels 1 and 5 (heat is on for 50% or
10% of the time, respectively) is recommended for the use of MA-MAEC technique with
HMA-modified SIFs.

The growth of crystals on UDET-modified SIFs at room temperature and using the MA-
MAEC technique was also monitored and is shown in Figures 5-6 and Figures S5-S6 (see
Supporting Information). Figure 5 shows the time progression of the growth of L-Alanine
crystals on UDET-modified SIFs at room temperature. As expected, no crystals were
observed in the initial L-alanine solution at the time of the first image (t=0 min) was taken.
Although the complete evaporation of solvent took 120 min large number of L-alanine
crystals appeared on UDET-modified SIFs after only 10 min. The size of L-alanine crystals
grown at room temperature ranged from 512 to 968 Fm. Between 10 and 120 min, the
number and the size L-alanine of crystals were slightly increased, which implies that one can
use UDET-modified SIFs in a room temperature based evaporative crystallization and
harvest crystals before complete evaporation of the solvent. This implies that the assembly
of L-alanine through hydrophobic interactions is more effective in growing L-alanine
crystals at room temperature. In addition, as explained in the beginning of Results and
Discussion section, surfaces modified with UDET are very hydrophobic and results in
decrease in the spreading of the solution over the surface that may have an additional effect
on the short time of crystallization on these surfaces.

In the combined use of UDET-modified SIFs with the MA-MAEC technique (Figure 6 and
Figures S5 and S6 (Supp. Info.), L-alanine crystals appeared after 4 min of microwave
heating and continued to grow until complete evaporation of solvent took place at 23 min.
The size of L-alanine crystals grown under these conditions ranged from 248 to 888 Fm. L-
Alanine crystal edges grown on UDET-modified SIFS using MA-MAEC appeared darker in
the optical microscope images, indicating that these crystals were thicker than crystals
grown on at room temperature. As observed with crystals grown on HMA-modified SIFs,
crystals grown on UDET-modified SIFs using MA-MAEC (for microwave power levels 5
and 10) appeared to be more elongated and thinner than their counterparts grown at room
temperature. This can be also explained by the faster evaporation of solvent caused by
continuous microwave heating at power level 10. This particular power level also revealed
the highest organization of growth and the most abundance of perfect crystals, suggesting
that MA-MAEC is best used in combination with UDET-modified SIFs at microwave power
level 10.

Lastly, MUDA-modified SIFs were employed in crystallization of L-alanine at room

temperature and using the MA-MAEC technique and shown in Figures S7-S10 (Supp.
Info.). While total crystallization time was shorter for the majority of MUDA- modified SIFs
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compared to blank SIFs, there was no significant improvement in the crystal size. Crystals
grown on MUDA-modified SIFs at room temperature measured from 312 to 600 Fm and
from 340 to 572 Fm in size at microwave heating, indicating up to a 2.5-fold increase from
the size of crystals grown on blank SIFs without surface modification. Since the combined
use of the MA-MAEC technique with MUDA-modified SIFs reduces crystallization time to
17 sec, this would be an appropriate method for the production of L-alanine crystals if a size
requirement for the desired crystals is not specified. Although the use of microwave power
levels 1 and 10 with MUDA-modified SIFs afforded for the growth a fairly large amount of
crystals, the use of microwave power level 5 delivered the most homogenously grown
crystals (minimum count of 100 crystals). At all power levels, L-alanine crystals appeared to
be smaller than the crystals observed on HMA- and UDET-modified SIFs, which implies
that the spreading of the initial solution on MUDA-modified SIFs were similar.

In order to characterize and compare L-alanine crystals grown on blank SIFs and engineered
surfaces at room temperature and using the MA-MAEC technique, Raman spectroscopy and
powder X-ray diffraction methods were employed. Figure 7 shows the Raman spectrum of
L-alanine crystallized on blank SIFs and surface engineered SIFs at room temperature and
using MA-MAEC technique. Since all peaks on the Raman spectra for all samples studied
here are at identical locations of peaks for L-Alanine crystals grown at room temperature on
glass surfaces, we conclude that the use of engineered surfaces and microwave heating did
not alter the molecular structure of L-alanine during crystallization process.

For all engineered surfaces, the rings seen in XRD grown through microwave heating
(Figure 8-Left and Figure S11) appeared to be more homogenous than those grown at room
temperature, which implies the presence of larger number and higher quality L-alanine
crystals grown on these engineered surfaces. As shown In Figure 8-Right, on all surfaces the
same polymorph was obtained. Work is currently underway for the demonstration of the
combined use of engineered surfaces and MA-MAEC technique to other amino acids, small
molecules and proteins. The results of these studies will be published in due course.

Conclusions

In summary, a detailed investigation for the use of surface engineered SIFs (HMA-, MUDA-
and UDET-modified) for rapid crystallization of L-Alanine is presented. Significant
improvements in crystal size and shape were observed on engineered SIFs at room
temperature as compared to those crystals grown on blank SIFs. In addition, using the MA-
MAEC technique, the crystallization time of L-alanine on engineered surfaces were reduced
to 17 sec for microwave power level 10 and 7 min for microwave power level 1. Raman
spectroscopy and powder x-ray diffraction (XRD) measurements showed that L-Alanine
crystals grown on engineered surfaces using MA-MAEC technique had identical
characteristic peaks of L-alanine crystals grown using traditional evaporative crystallization.
In addition, L-alanine crystals grown on engineered surfaces using MA-MAEC technique
had the same polymorph as on blank glass slides. The observations made in this study imply
that MA-MAEC technique has the potential to develop into a method in which well-sized
high-quality L-Alanine crystals can be produced in a much faster time than is currently
advertised by crystals grown through traditional crystallization techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic representation of proposed attachment mechanisms of L-Alanine functional
groups to SIFs and surface engineered SIFs. Please note that L-alanine is a zwitterion
molecule in water at pH =5.3, that is, -COOH and NH, groups are present in COO" and
NH3* form.
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Figure 1.

Optical images of L-alanine crystals formed from 2.70 M solution on blank SIFs and
MUDA-modified SIFs at room temperature and using MA-MAEC technique. Each
experiment was repeated at least 5 times.
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Figure2.

Optical images of L-alanine crystals formed from 2.70 M solution on UDET- and HMA-
modified SIFs at room temperature and using MA-MAEC technique. Each experiment was
repeated at least 5 times.
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Figure3.
Time progression of the growth of L-alanine crystals on HMA-modified SIFs at room
temperature. Each experiment was repeated at least 5 times.
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Figure4.

Time progression of the growth of L-alanine crystals on HMA-maodified SIFs using MA-
MAEC technique at microwave power level 1. Each experiment was repeated at least 5
times.
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Figure5.

Time progression of the growth of L-alanine crystals on UDET-modified SIFs at room
temperature. Each experiment was repeated at least 5 times.
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Figure6.

Time progression of the growth of L-alanine crystals on UDET-modified SIFs using MA-
MAEC technique at microwave power level 1. Each experiment was repeated at least 5
times.
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Figure?.

Raman spectrum of L-alanine crystallized on blank SIF and surface engineered SIFs at room
temperature and using MA-MAEC technique.
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Figure8.
Experimental 2-D (Left) and 1-D (Right) Powder X-Ray Diffraction patterns of L-alanine
crystals grown from L-alanine solutions 2.7 M pH= 5.3 on glass at room temperature (RT)
and using microwave heating (PL). The Miller indices corresponding to the peaks are also
shown. The bell-shape in the 1-D plot is due to the background signal as also observed in the
previous publications by others.
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Table 1

Summary of results for the crystallization of L-alanine from 2.70 M solution on glass slides and silver island
films (SIFs) at room temperature and using MA-MAEC technique. Each experiment was repeated at least 5

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

times.

Blank SIF MUDA -SIF HMA -SIF UDET- SIF

RT 41 +13 min 40 =3 min 144 + 15 min | 147 + 14 min
MWPL1 | 7.0+1min 9.0+ 1 min 16 + 8 min 17 £ 4 min
MW PL 5 45 + 6 sec 27 +7 sec 32+ 7sec 22 +1sec
MW PL 10 22 + 3 sec 17+ 2 sec 23+ 4 sec 21 +5sec
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