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ABSTRACT: Methods to produce nano-sized organic molecular crystals in thin films are of great interest in the pharmaceutical
industry due to the potential benefit of increased solubility of poorly soluble drugs and the advantages of film-based dosage forms
over traditional tablet/capsule-based dosage form. One method to directly form organic nanocrystals is by crystallization in con-
fined environments where the overall crystallization volume is constrained. We report the use of a novel solution impregnation
method to form nanocrystals in polymer matrices with various microstructures in order to study the structure of the confined nano-
crystals and the role of soft confinement and polymer chemistry on the nucleation process of nano-sized crystals. The particle di-
ameter correlates with the microstructure of the polymer matrices and the nucleation kinetics. In addition, by carefully choosing the
experimental conditions and the polymer matrix, polymorph control of nanocrystals can be achieved. Solid-state nuclear magnetic
resonance (ssNMR) was used to examine the local structure of nanocrystals inside the polymer matrices and crystal polymer inter-
actions. This method may serve as a novel formulation method to obtain nanocrystals of poorly soluble active pharmaceutical in-

gredients (APIs) for pharmaceutical industry.

1. Introduction

In recent years, interest in organic molecular nanocrystals
has increased dramatically particularly in the pharmaceutical
industry. It is estimated that 40% or more of organic com-
pounds identified through combinatorial screening exhibit
poor aqueous solubility,' and formulating these compounds as
nanocrystals may potentially increase their bioavailability.” As
crystal size decreases, surface-to-volume (s/v) ratios greatly
increase and thus the dissolution rate is strongly enhanced. In
addition, as the Ostwald-Freundlich equation predicts, the
solubility of nano-sized crystals smaller than 1 pm is much
higher than that of larger bulk crystals.’” Kim e al. demon-
strated a 31.7% solubility enhancement by formulating f3-
glycine as nanocrystals, of which the equivalent radius is 244
nm.* Wang ez al. showed that carbamazepine form III nano-
crystals with diameter of ~ 320 nm exhibited a 26.4% increase
in their solubility.* > Methods to produce organic molecular
nano-sized crystals have been widely studied. Based on the
crystal formation process, methods to form nano-crystals can
be divided into two categories: “top-down” and “bottom-up™".
Top-down methods refer to those that break large crystals into
smaller ones, such as milling and high pressure homogeniza-
tion. However, the introduction of impurities, high-energy
consumption, and possible polymorph transformation are ma-
jor drawbacks of these approaches. Bottom-up methods refer
to those that aggregate single molecules into nano-scale crys-
tals, such as emulsification® ’, supercritical fluid crystalliza-
tion®°, impinging jet crystallization'” ", and confined crystal-
lization. However, the high supersaturation and/or high inten-

sity mixing involved make control of crystal size and poly-
morphs difficult. Microfluidic devices can be used to produce
nanocrystals with uniform size distribution, but these devices
experience channel clogging, which negatively impacts the
continuous mass production of crystals.'*"*

Direct formulation of pharmaceutical nanocrystals in thin
films has been considered a novel formulation approach in
industry recently, along with advanced manufacturing tech-
nologies such as continuous manufacturing advocated by the
US Food and Drug Administration and many leading pharma-
ceutical firms'> '°. Nano-crystallization in many types of con-
finements has been reported in the literature including the use
of rigid inorganic porous materials such as controlled pore
glasses'">°, mesoporous silica’ and zeolites™. Recently, the
use of soft confinement materials such as porous polymers has
become popular. Ward and coworkers reported using porous
polystyrene-poly(dimethyl acrylamide) (p-PS-PDMA) mono-
liths to obtain nano-sized crystals of B-glycine, 2,2,3,3,4,4-
hexafluoro-1,5-pentanediol ~ and  (R)-(+)-3-methyladiapic
acid."” '* Diao et al. used polymer gels with tunable micro-
structures and polymer nano-pores of different shapes and
angles to control nucleation kinetics and polymorphic out-
comes.”” Besides, from a pharmaceutical formulation per-
spective, polymer film based dosage forms possess certain
advantages over conventional tablets or capsules. For exam-
ple, orally dissolving film is a promising dosage form and it
recently attracted more research efforts®® because (i) it serves
as an alternative for patients experiencing swallowing difficul-
ties, (i) it may be formulated through absorption in the mouth
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(sublingually or buccally) to improve bioavailability and (iii)
some direct formulation methods, like the one introduced in
this work, do not require powder mixing of active pharmaceu-
tical ingredients (APIs) and excipients. This may avoid issues
associated with particle handling including poor particle flow-
ability of API and excipient raw materials.

Despite these increased research efforts, understanding the
structure of the confined nanocrystals and their respective
crystalline-polymer interactions remain a challenge”’. We pre-
sent a novel bottom-up method to directly produce nanocrys-
tals in thin-film polymer matrices with analysis by magic-
angle spinning (MAS) nuclear magnetic resonance (NMR) to
understand the nucleation kinetics and structures of organic
molecular nanocrystals formed inside soft confined environ-
ments. The model polymer matrix is composed of cross-linked
cellulose/cellulose acetate polymer fibers with various pore
sizes. We propose that by varying the microstructures of these
polymer matrices nano-sized crystals with controlled poly-
morphic outcome can be obtained and stabilized.

2. Experimental Section

Materials: Glycine (ReagentPlus®, >99%), acetaminophen
(BioXtra®, >99.0%), ibuprofen (>98%) and water
(CHROMASOLV®, for HPLC) were purchased from Sigma
Aldrich. Deferasirox was a gift from Novartis. Porous cellu-
lose membranes (Whatman®, pore size 200/450/1000 nm,
thickness 75 pum) and cellulose acetate membranes (What-
man®, pore size 200/450/800/1200 nm, thickness 140 pm)
were purchased from GE Healthcare Life Sciences. Ethanol
(200 proof) was purchased from VWR.

X-Ray Powder Diffraction (XRPD) Analysis: The instru-
ment (X’Pert PRO, PANalytical Inc.) is equipped with a
PW3050/60 standard resolution goniometer and a PW3373/10
Cu LFF DK241245 X-ray tube. The high tension generator
high voltage and anode current were set at 45 kV and 40 mA.
A spinner sample stage PW3064 (Reflection mode) was used
for all samples. Settings on incident beam path include: soller
slit 0.04 rad., mask fixed 10 mm, programmable divergence
slit and fixed 1° anti-scatter slit. Settings on diffracted beam
path include: soller slit 0.04 rad and programmable anti-scatter
slit. The scan was programmed as a continuous scan: 26 angle
2-40°, step size 0.0083556°, time per step 19.685 s; three re-
peated scans were collected to average the signal.

Differential Scanning Calorimetry (DSC) Analysis: The
instrument (Q2000, TA instruments) was maintained with
nitrogen gas flow at a rate of 50 ml/min in order to create an
inert gas environment in the sample chamber. An extra refrig-
erated cooling system (RCS 40, TA instruments) is used to
extend the available temperature range between -40 and 400
°C. Tzero" pans and lids were used. A heating/cooling rate of
5°C/min was applied for all samples, and the initial and final
temperatures were adjusted accordingly based on the melting
points of the various organic compounds. For example, the
temperature was adjusted between 20 and 80 °C for ibuprofen
since its melting point is ~75 °C.

Solid-state Nuclear Magnetic Resonance: Magic-angle spin-
ning NMR experiments were conducted on a home-built 500
MHz spectrometer (courtesy of Dr. Dave Ruben, Francis Bit-
ter Magnet Laboratory - MIT) using either a 3.2 mm or a 4
mm Varian triple resonance ('H/"°C/"°N) MAS probe. For the
cross-polarization (CP) experiments,”® the contact time was
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optimal at 2 ms (yB;/2n = 83 kHz). The spinning frequency
was set between 10 and 13.5 kHz, while 'H spin-lattice relaxa-
tion times, T, were measured either by the inversion-
recovery” or the saturation recovery’ sequence. All experi-
ments were acquired using high-power two pulse phase modu-
lation (TPPM)’" proton decoupling (yB,/2rn = 83 kHz). Recy-
cle delays varied from 5 s (e.g., ibuprofen) to 120 s (e.g., acet-
aminophen) and up to 4,096 co-added transients were ac-
quired. All C MAS NMR spectra were referenced to 40.49
ppm using solid adamantane with respect to DSS (0 ppm).
Quantification of API polymorphs from CPMAS spectra was
per}tz"ormed following the procedure published by Offerdahl et
al.

Scanning Electron Microscope (SEM) Imaging: A JEOL"
6700F SEM (cold field-emission gun scanning electron micro-
scope) was used to obtain SEM images. The matrix cross-
section imaging by SEM is challenging since the polymer
matrix is not conductive. Cryo-cutting techniques were applied
to freeze the sample before cutting in order to maintain the
micro-structures of the nanocrystals within the matrix: (1)
samples were submerged in liquid nitrogen for ~ 30 minutes;
(2) samples were quickly transferred onto two wooden sup-
ports with a 5-mm gap in between, and the sample was easily
cracked into two pieces when a tweezer tip was pressed onto
the sample; (3) one piece was then coated with a ~ 20 nm gold
thin film for creating a conductive surface under the SEM; (4)
the sample was attached onto a vertical support on a special
aluminum SEM sample holder (Electron Microscopy Scienc-
es, catalog 75344) with the cracked cross-sectioned part facing
upwards. This approach was used due to concern that a large
portion of nanocrystals near the cross-sectioned part may be
lost due to cutting, unintentional shaking or sudden exposure
to environmental humidity.

Sample Preparation: Nano Plotter (Model NP2.1, GeSim
Germany) was used to uniformly disperse solution droplets
onto a porous matrix. The instrument can disperse a desired
number of droplets onto any desired spot by micromachined
piezoelectric micropipettes. Based on the porosity and the
affinity of the solution for the matrix, we experimented and
designed programs in order to disperse solution droplets uni-
formly onto the matrix without residual solution on the sur-
face. Key parameters that vary for different solutions include
concentration, the number of droplets per spot and step size
between spots. Nano Plotter also includes an enclosure in
which an open beaker containing a solution of a certain con-
centration can be placed to control the relative vapor pressure.
For example, raising the vapor pressure of ethanol may slow
down the evaporation and crystallization of acetamino-
phen/ethanol solution, and thereby promoting the production
of a more stable polymorphic crystalline form.

3. Results & Discussion

Glycine (GLY), ibuprofen (IBP), acetaminophen (APAP)
and deferasirox (DFX) were selected as model compounds to
represent active pharmaceutical ingredients exhibiting simple
to complex structures (Figure 1a). GLY has a total of six dif-
ferent polymorphs; three forms (o, B and y) can be obtained
under standard ambient temperature and pressure. IBP was
reported as having two polymorphs (I and II), but the second
polymorph was only successfully produced in a very small
amount (milligrams) with a complicated heating and quench-
ing loop™. APAP possesses three polymorphs (I, II and III):
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form I is the most stable and commercially formulated form.
DFX was reported to have five polymorphs (I-V), and the
most stable form (polymorph I) is chosen in the marketed for-

mulation.
2 o (a)
HKOH OH

NH,

Glycine (GLY, 6 polymorphs) Ibuprofen (IBP, 2 polymorphs)
o]

HO

[

Figure 1. (a) Molecular structures for four relevant pharma-
ceutical targets as studied below. (b) Schematic illustration of
the designed nano-crystallization process: use drop by demand
techniques to disperse picoliter droplets into the membrane
matrices and slowly evaporate the solution to form nanocrys-
tals with good content uniformity.

(i). Drug loading and method feasibility

The uniformity of nanocrystals distributed inside the porous
matrix (directly related to content uniformity per dose) and
minimizing the existence of surface crystals are vital for this
technique as a practical formulation method (a schematic illus-
tration is drawn as Figure 1b). The large surface crystals could
serve as new nucleation sites when confined nanocrystals dis-
solve and impact the expected bioavailability. Several consid-
erations regarding experimental parameters were taken into
account in order to achieve the desired content uniformity as
well as minimal number of surface crystals. First, the dis-
persed droplet size was minimized, so it would be easy for the
droplets to infiltrate the matrix without significant volume of
liquid suspended on the surface. As shown in Figure 2a and b,
we obtained droplets dispersed from the Nano Plotter using
three different solvents. The volume of droplets are ~ 77-181
pL (corresponding diameter ~ 43-56 pm, which is the same
order of magnitude as the membrane thickness, cellulose 75
pm and cellulose acetate 140 um). Second, the step size of
dispersion was far enough to ensure the least interference of
two adjacent droplets and yet close enough to achieve a rela-
tively high drug loading if required by formulation needs. Fig-

3

CrystEngComm

ure 2¢ shows droplets of ethanol dispersed onto a glass slide
surface, showing good uniformity of dispersion. By adjusting
the equipment parameters, droplet volume and step size could
be controlled for different solutions. For example, we made a
solution of 4 g ibuprofen in 10 ml ethanol. A single droplet
size was tuned to ~ 56 pm by diameter and the step size was
set to 50 um. A cellulose membrane (200 nm pore size) was
cut into a square shape with each side being 30 mm in length
and secured onto the Nano Plotter sample plate. After the dis-
persion was finished, we waited at least 12 hours for crystalli-
zation. The sample was placed into a vacuum oven overnight
to evaporate all residual solvents, and no significant loss of
mass was observed.

After crystallization, the membrane was inspected for sur-
face crystals and recorded the mass increase due to API load-
ing. Using a microscope (objective lens 100X and eyepiece
lens 10X), no surface crystals were observed. This is likely a
result of the membranes exhibiting good affinity towards wa-
ter and ethanol; therefore the solution diffused into the matrix
very quickly and left little residue on the surface. Table 1
summarizes the loading results. They match well with the de-
signed loading amounts, demonstrating that almost all droplets
were successfully loaded and embedded into the polymer ma-
trix. In other words, this drop-on-demand formulation ap-
proach showed good achievement regarding content weight,
uniformity and delivery of solution into the porous films.

Figure 2. Inspection of droplets generated from the Nano Plot-
ter. (a) Pure DMSO droplets generated by Nano Plotter. (b)
Ibuprofen/ethanol droplets generated by Nano Plotter. The
solvent was ibuprofen/ethanol solution and the droplet size is
181 pL. The diameter of the droplet is 57 um. (c¢) Array of
glycine crystals (result of dispersing glycine/water solution
droplets onto a glass slide). The inspection demonstrated that
the droplets are very uniform in size and the dispersion pro-
cess is stable.

Table 1. Mass loadings of different APIs inside porous
membranes (unit: mg/cm’).

API GLY IBP

APAP DFX

Mass | 98+04 | 23.1£0.6 | 84+03 | 5804

(ii). Size analysis of nanocrystals inside the membrane
pores

Preparing nanocrystals as small as possible is one of the
goals of this work. However, characterizing nanocrystals in-
side a polymer matrix is challenging. Generally, organic com-
pounds have a low melting point and can accumulate electrons
under SEM. As mentioned in the experimental section, cryo-
cutting was used to prepare cross-sectioned parts of samples.
Figure 3 shows SEM images of a cross-sectioned part of a
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membrane loaded with 23.0 wt% ibuprofen nanocrystals. Fig-
ure 3a clearly shows the cross-linked structure of cellulose
fibers. Figure 3c is an enlarged image of a small part of Figure
3b. These images show that there was no micrometer scaled
ibuprofen crystal in the membrane. Due to the high energy
nature of SEM focus spot, these organic nanocrystals melted
too quickly when we reached for even higher magnifications.
Nevertheless, given the high mass loading and confirmation of
fully crystalline materials via MAS NMR, it is reasonable to
infer that the ibuprofen crystals must be in the nanometer
range. We examined many other regions on the cross sec-
tioned sample of the membrane under SEM, and did not find
observable difference between regions in the middle and re-
gions near the surface of the membrane. X-ray diffraction
(peak width) could be utilized as a method to estimate the size
of the formed nanocrystals. However, it can only be used to
provide a rough estimate because many other factors such as
crystal defects and structure deformation (micro strain) may
also contribute to the peak broadening, and preferred orienta-
tion effect will also change the peak height and alter the peak
shape.

586 18 mm

18kU X189, 886

Figure 3. SEM images of a cross-sectioned part of a cellulose
membrane (200 nm pores, a), a cross-sectioned part of a cellulose
membrane loaded with ibuprofen nanocrystals (200 nm pores, b),
and a zoomed image of (b) with a scale bar of 1 um (c). The load-
ing fraction is 23.0 wt. %. The membrane consists of cross-linked
cellulose polymer fibers.

(iii). Effect of pore sizes

The size of confinement plays a significant role in nuclea-
tion kinetics and influences the polymorphic outcomes. Previ-
ous literature focused on small confinements from < 1 nm to ~
50 nm, and result in amorphous materials if supersaturation
generation is not controlled well."”"” ** 3% In this work we
initially attempted several polymer matrices with pore sizes
ranging 10 - 40 nm. However, with ibuprofen, these pore sizes
produced amorphous material even with very slow evapora-
tion over a period of one week. Considering the potential in-
dustrial application, we instead use the commercially available
cellulose membrane with pore sizes of approximately 200 to
1,000 nm. Table 2 and 3 summarize the results, showing the
polymorphic outcomes of various crystals in membranes that
have pore sizes > 200 nm. The GLY experiments were per-
formed with a relative humidity control (75%RH). Other ex-
periments were operated at ambient conditions without con-
trolling the solvent vapor pressure since some parts of the
equipment are sensitive to organic solvents. As pore size de-
creased, GLY crystallized as the B-form and APAP partially
produced the metastable form II. Using °C CP MAS NMR it
was confirmed that no detectable amount of amorphous mate-
rials was produced.

Table 2 polymorphic outcome of compounds crystallized in
cellulose membranes of different pore sizes.

Pore Size (nm) GLY IBP APAP DFX

200 B I LII i
450 wp I I I
1,000 wp 1 I I

Page 4 of 9
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Table 3 polymorphic outcome of compounds crystallized in
cellulose acetate membranes of different pore sizes.

Pore Size (nm) GLY IBP APAP DFX

200 B I LII I
450 wp 1 I I
800 ap I I I
1,200 o I I I

We considered using XRPD to quantify the fraction of dif-
ferent polymorphs in the samples, but the preferred orientation
and interference of cellulose/cellulose acetate background
made this impossible. The preferred orientation effect from the
(100) plane is prominent in the GLY XRPD, as shown in Fig-
ure 4. This is probably due to the carboxyl group (—COOH) of
glycine molecules forming hydrogen bonds with the hydroxyl
groups (—OH) of cellulose and therefore glycine mainly crys-
tallized along the (100) plane, as shown in Figure 5.

15000

(a)

Position [*2Theta] (Copper (Cu))
counts

—beta (b)

alpha

——gamma

Ll L.

35 40

d M LA
30

5 10 15 20 25

Figure 4. XRPD pattern of B-glycine in a cellulose membrane of
200 nm pore size (a) and calculated patterns of different poly-
morphs of glycine (b). The very intense peak (20 = 18°) in (a)
corresponding to the (100) plane of B-glycine.

Figure 5. Crystal structure of f-glycine on the surface of cellulose
fibers, the carboxyl group of the glycine molecules may form
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hydrogen bonds or interact strongly with the hydroxyl groups of
the cellulose membrane and cause the preferred orientation to be
the (100) plane.

(iv). Melting point depression

The Gibbs-Thomson equation (Eqn. 1) is widely used to ex-
plain the melting point reduction as a function of particle size.
As the particle size reduces, the melting point of the particle
also decreases. T(d) is the melting temperature, d is the parti-
cle size in diameter, 7}, is the melting point of bulk crystal,
oy is the crystal-melt interfacial energy, H is the crystal molar
heat of fusion, and p; is crystal density:

4o,

pr\d

T(d) = T;)ulk (1 - ) (1)

Table 4 shows the DSC results of ibuprofen nanocrystal-
lized in various membranes. Each data point was averaged
from at least three different samples. By assuming the size of
the nanocrystals to be the same as the pore sizes, we found
there is a linear relationship between the melting point and the
crystal size, although the errors bars are significant compared
to the effect.

Table 4 Melting points of ibuprofen in various membranes

Cellulose Melting Cellulose Melting
pore (nm) point (°C) acetate pore point (°C)
(nm)
200 74.0+0.3 200 73.2+0.1
450 74.5+0.2 450 743 +0.2
1000 74.8+0.2 800 74.6 £0.2
1200 75.0+0.1

* Bulk ibuprofen 75.1 £ 0.1 °C

We likewise noticed that different polymer matrices also
contributed to observed melting point depressions. For the
same pore size, the melting point of IBP crystallized in cellu-
lose acetate was depressed by 0.8 °C relative to those in cellu-
lose, as shown in Figure 6. This is probably explained by the
interactions of IBP molecule with the membrane surface. Cel-
lulose has hydroxyl (—OH) groups that may interact with the
carboxylic acid ((COOH) group of ibuprofen. This preferred
interaction may promote nucleation kinetics, and therefore
crystals will grow quickly and larger than the crystals in cellu-
lose acetate membranes.
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Temperature (°C) 46.1 1.21 £0.03 1.27+£0.04
60 65 70 75 80
0 = : - 34.4 1.17+0.03 1.19+0.06
-1
o -2
% -3 —ibuprofen in cellulose \Q 27.0 1.13 +£0.05 0.87+0.06
g 4 membrane
E = —ibuprofen in cellulose 24.0 1.10+0.06 0.81+0.05
(= acetate membrane
® 7 bulk ibuprofen
g7 17.3 1.11+0.06 0.83 +0.06
-9
-10

Figure 6. DSC analysis of three samples: ibuprofen nanocrys-
tals loaded in cellulose membrane of 200 nm pores (blue, 73.2
+ 0.1 °C), ibuprofen nanocrystals loaded in cellulose acetate
membrane of 200 nm pores (red, 74.0 £ 0.3 °C) and bulk ibu-
profen crystals directly from a commercial source (green, 75.1
+0.1°C).

(v). Structure information analyzed by MAS NMR

6,54

9
10 8

l | -

Form | Ibuprofen
(Sigma Aldrich)

AT

Cellulose

Cellulose/lbuprofen

250 200 150 100 50 0
3C Chemical Shift (ppm)
Figure 7. °C CP MAS NMR spectra of form I ibuprofen (top)
and cellulose-ibuprofen (bottom) acquired at 11.7 T (500
MHz, 'H). The cellulose resonance is located between the
ibuprofen aliphatic and aromatic carbon (> 50 and < 140 ppm)
resonances, and no spectral overlap occurs.

Table 5. T, (‘"H) of form I ibuprofen and cellulose-
ibuprofen

We compared the assigned CP MAS NMR spectra of form I
crystalline IBP, the stable polymorph as obtained from Sigma
Aldrich, and of cellulose-ibuprofen as shown in Figure 7. The
form I IBP exhibits sharp resonances with a linewidth (full-
width at half maximum) of 54 Hz, or 0.4 ppm, which is con-
sistent with literature.”*® Upon incorporation of IBP into the
cellulose membrane (200 nm pore size), we found that the
resonances of cellulose-ibuprofen share the same "C isotropic
chemical shifts and linewidths as the form I IBP. This finding
therefore suggests that IBP exists entirely as form I within the
pores of the cellulose membrane, and no additional polymorph
was formed. A comparison of 'H spin-lattice relaxation time
constants (T;) of form I and cellulose-ibuprofen revealed simi-
lar T; values within experimental error (Table 5), which is
further evidence that the cellulose excipient seemingly does
not perturb the structure and the dynamics of IBP.

In contrast with IBP, APAP polymorphism was readily ob-
served within the cellulose membrane. Compared to the *C
CP MAS NMR spectrum of the stable monoclinic form I
APAP, the spectrum for the cellulose-acetaminophen shows
resonance peak splitting that indicates a mixture of poly-
morphs are formed inside the membrane pores, as shown in
Figure 8. The difference in isotropic chemical shifts between
the polymorphs is not large, but distinct resonances are resolv-
able for a few "°C sites as shown in Figure 9. The "C isotropic
chemical shifts of these additional resonances are consistent
with the data published by Moynihan and O’Hare® for the
orthorhombic form II acetaminophen. The ratio of form I and
the form II acetaminophen within the cellulose membrane is
65:35.

Form |
Acetaminophen

8 7 6 5423 ~ 1

Cellulose
Acetaminophen

Chemical Shift T, ("H) (s) T, (‘"H) (s)

(9i50, ppmM) Form I Ibuprofen Cellulose-Ibuprofen
185.0 1.18 £ 0.08 1.14£0.11
144.1 1.21+0.05 1.15+0.09
139.3 1.19+0.06 1.08 £0.10
479 1.22+0.02 1.25+0.05

180 140 100 60 20
3C Chemical Shift (ppm)

Figure 8. °C CP MAS NMR spectra of form I acetaminophen
(top) and cellulose-acetaminophen (bottom).
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Form |
Acetaminophen

Cellulose
Acetaminophen

Figure 9. Expanded "C CP MAS NMR spectra of acetamino-
13 L. ‘

phen of the ~C resonances sensitive to polymorphism clearly

illustrate the onset of form II observed in the cellulose-

acetaminophen formulation.

In addition to the onset of polymorphs, a notable difference
between form 1 acetaminophen and the cellulose-
acetaminophen is the measured 'H T,. The crystalline form I
acetaminophen has 'H T, that is longer than 100 s, but once
inside the membrane acetaminophen T; reduces to less than 20
s, as summarized in Table 6. This finding is evidence that no
bulk microcrystalline acetaminophen was formed on the
membrane surface, because the reduction of 'H T, can be at-
tributed to spin diffusion through the cellulose membrane,
which has 'H T, of approximately 6 s. Possible factors such as
structural disorder and/or crystal defects can also serve as re-
laxation sinks that reduce acetaminophen T, within the mem-
brane.

Table 6. T, (IH) of form I acetaminophen and cellulose-
acetaminophen.

CrystEngComm

compound since it shows consistently the form I polymorph
without detectable structure deformation in all the analysis
shown above. The same amounts of IBP (20.8 + 0.6 mg) were
successfully loaded into cellulose membranes with 200, 450,
and 1000 nm pores. For comparison, we also chose a control
group that is a mixture of ibuprofen crystals from a commer-
cial source (Sigma Aldrich) and membranes of 200 nm pores.
The dissolution tests were conducted under the instruction of
U.S. Pharmacopeia standards. Figure 10 illustrates the en-
hanced dissolution profiles of nanocrystals inside membranes.
As shown in the figure, membranes of 200 nm pores showed
the fastest release, and released twice as much IBP as the con-
trol group in one minute. The control group reached 80% re-
lease within 15 minutes, but it only took ~ 5, 7 and 12 minutes
for membranes of 200, 450 and 1000 nm pores to achieve 80%
release, respectively. The improvement in dissolution profiles
is believed to be a combination effect of increasing the sur-
face/volume ratio and improving solubility due to the reduc-
tion of crystal size (vide supra). There is a possibility that dif-
fusion of the compound out of the polymer matrix into the
bulk dissolution medium may play a role in limiting the whole
release process, even though we already chose a relatively thin
membrane (75 pm). From the perspective of polymer compo-
sitions, several alternatives may be possible: (a) rather than
cellulose, we could use water-soluble polymers (e.g., chitosan,
etc.) as the base of the matrix. These polymers can dissolve
quickly in water, but are insoluble to some organic solvents
that can dissolve the desired API loading compounds; (b)
some disintegrants could be blended into the matrix during the
manufacturing process, so it will disintegrate into small pieces
when coming in contact with water.

Percentage Ibuprofen

Released

200 nm pore size
450 nm pore size
1 micro pore size

—control group

Chemical T, ('H) (s) T, ('H) (s)
Shift
Form I Aceta- Cellulose-
(0150, PPM) minophen Acetaminophen
171.8 127 £15 18.5+1.3
154.3 122+13 19.0+1.0
135.0 129 £ 15 17.3+1.7
125.3 116 £13 16.6 1.2
122.6 109+ 11 18.7+1.9
118.3 111 +14 17.3+1.0
117.7 105+9 19.9+1.0
25.7 126 £ 16 17.8+0.7

(vi) Dissolution enhancement and potential use in industry

In order to compare dissolution profiles of nanocrystals in
membranes of different pore sizes, we chose IBP as the model

7

0 5 10 15 20 25 30
Time (min)

Figure 10. Dissolution test of cellulose membranes of different
pore sizes loaded with the same mass of ibuprofen nanocrys-
tals. The control group is ibuprofen crystals from commercial
bottles (with a mean size of 48 pm) mixed with cellulose
membranes of 200 nm pores. Each curve is averaged from at
least three dissolution tests. Lines are guides for the reader.

4. Conclusion

We demonstrate that the impregnation method using thin
film polymer matrices is a promising mean to produce nano-
sized organic molecular crystals with controlled polymorphs.
This method provides several benefits: (1) The nanocrystals
are directly embedded in the excipients, thereby avoiding
transport problems of fine particles; (2) the drop-on-demand
technique gives good controls on content loading amounts and
uniformity; (3) crystal size and polymorphic outcome can be
mastered by the pore size and surface chemistry of the poly-
mer matrix; (4) polymer matrices may help block environmen-
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tal humidity, separate nanocrystals in distances and confine
them in certain dimensions to stabilize nanocrystals for a
longer shelf life; (5) furthermore, the soft confinement (poly-
mer matrices) may be a certain type of polymer or by addition
of disintegrants that allow the matrices to immediately dis-
solve when coming into contact with water or from pH chang-
es, like orally dissolving films. These results herein success-
fully demonstrate a promising formulation approach, and help
advance the understanding towards crystallization behaviors of
organic molecules in confined environments. This work has
immense potential for industrial applications, and efforts are
underway to further develop this technique.
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