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For many years, the idea of analyzing atom-atom contacts in amorphous drug-polymer systems has
been of major interest, because this method has always had the potential to differentiate between
amorphous systems with domains and amorphous systems which are molecular mixtures. In this study,
local structure of ionic and noninonic interactions were studied by High-Energy X-ray Diffraction and
Pair Distribution Function (PDF) analysis in amorphous solid dispersions of lapatinib in hypromellose
phthalate (HPMCP) and hypromellose (HPMC-E3). The strategy of extracting lapatinib intermolecular
drug interactions from the total PDF x-ray pattern was successfully applied allowing the detection of
distinct nearest neighbor contacts for the HPMC-E3 rich preparations showing that lapatinib molecules
do not cluster in the same way as observed in HPMC-P, where ionic interactions are present.
Orientational correlations up to nearest neighbor molecules at about 4.3 A were observed for polymer
rich samples; both observations showed strong correlation to the stability of the systems. Finally, the
superior physical stability of 1:3 LP:HPMCP was consistent with the absence of significant
intermolecular interactions in (AD/}"® (r)) in the range of 3.0 to 6.0A, which are attributed to C-C, C-N
and C-O nearest neighbor contacts present in drug-drug interactions.

The establishment of relationships between structural packing and physico-chemical properties has become fun-
* damental for the modern pharmaceutical development!=. In order to overcome poor solubility and improve
. bioavailability the use of amorphous and nanocrystalline systems are growing, as is the necessity of improved
: methods to characterize them®. In amorphous systems the atoms are ordered primarily at short (2-5A) and
© medium-range (5-20 A.)” distances. This makes atomic structure determination a challenging task that cannot be
© properly addressed by classical crystallography®!1. The quote of Alfred North Whitehead, highlighted by Mackey®
. in his work about generalized crystallography fits well to better visualize this problem: ‘A crystal lacks rhythm
. from excess of pattern, while a fog is unrhythmic in that it exhibits a patternless confusion of detail”2. Although the
. presence of chemical bonds between molecules within the system ensures not all ordering is lost and some degree

of preferred orientation can and often does persist in an amorphous solid.

Towards finding order within the chaos of amorphous systems the combination of total X-ray diffraction
and pair distribution function analysis (PDF) has been utilized in the last decades as a valuable approach and
it is being used more and more in the study of great variety of glasses'*-1”. The PDF expresses the probability of
finding a pair of atoms which are separated from each other by a determinate distance (r), represented by peaks

. generated by intramolecular and intermolecular interactions, taking into account their abundance in the sys-
© tem!>!. Examples of common events observed in PDF patterns and information that can be extracted from them
* are summarized in Table 1.
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Observation or event Possible interpretation

Defined intermolecular and/or intramolecular interactions at a
Presence of peaks - - 9,13-15,35

particular distance®!*"!>
Presence of valleys Absence of atoms at correspondent distance!>!19353¢

Decrease in the number of peaks and in
its periodicity when comparing systems

‘Weakening intermolecular packing, corresponding to the loss of
structural order!3-1%3¢

Peaks broadening in the intermolecular
range (5-20 A)

High degree of disorder, weak intermolecular interactions'*'*

Peak shifting when comparing
amorphous versus crystalline materials

Changing bond lengths, conformational changes, new
interactions, changes in chemical species of the system'*!s

Broad and peaks or non-zero levels of
intensity in non-crystalline systems

Atom-atom distances with a high degree of disorder®

Differences or similarities observed
in experimental PDF patterns when
compared to the calculated PDFE.

Identification of presence or absence of nanocrystalline or
amorphous domains. Useful in ruling out potential crystalline
analogues and for the improvement of structural models!!1>21:37:38

Table 1. Examples common observations and possible interpretations of pair distribution function
patterns.

Besides its wide use in the study of inorganic glasses”!8, the pharmaceutical literature is expanding in the
applications of the technique>*'. Several groups have used conventional X-ray diffraction patterns to generate
PDF patterns'®-?2. Due to inherent limitations of those low energy laboratory X-ray sources!! it is possible that
these patterns contain artifacts, nevertheless, these papers illustrate the type of studies that can be done with
PDE Sheth and co-workers accessed the local structure of amorphous piroxicam prepared by cryogrinding from
different polymorphs using this tool*. Differences in PDF patterns during grinding indicated the existence of
an intermediary nanocrystalline phase during the amorphization process of crystalline form II, not observed
for crystalline form I'%?2, Additionally, medium-range similarity observed in PDF amorphous and crystalline
phases seems to be indicative of residual memory that can drives recrystallization towards a specific polymorph!°.
Newman et al. reported the use of PDF to evaluate phase miscibility in indomethacin-PVP and trehalose-dex-
tran mixtures®'. In the first system, the PDF results indicated a complete miscibility with a good agreement with
the number of glass transitions found; in the second system, the PDF indicated potential phase separation not
detected by differential scanning calorimetry (DSC), suggesting that the system was a solid nanosuspension with
nanometer sized amorphous domains lower than 30 nm.

The introduction of high-energy x-rays produced by synchrotron radiation has allowed the use of short wave-
lengths and access to higher Q-values (Qméax > 20 A~1), a prerequisite for increased real space resolution and
achieving more precise and accurate data'"?*. Billinge and co-workers using a Q,,;; =20 A~ obtained a real-space
resolution of 0.31 A in the study of amorphous indomethacin and carbamazepine samples, being able to better
identify differences in the molecular packing'!. Benmore and colleagues used high-energy X-ray diffraction and
neutron diffraction in combination with PDF to study vitrified carbamazepine, cinnarizine, miconazole, clo-
trimazole and probucol prepared by acoustic levitator'®. The high resolution allowed the differentiation of signifi-
cant intermolecular and intramolecular interactions in the range of 5-15 A; for e.g. a shift in a peak was observed
at 3.78 A to 3.94 A was identified due to changes in the orientation of the phenyl ring of clotrimazole caused by
the vitrification process'*.

In the present work we report the potential application of PDF analysis and high-energy X-ray diffraction as
a tool to study acid-base interactions and drug-excipient interactions in amorphous systems. Acid-base inter-
actions between drug-excipient play an important role in the physical stabilization of amorphous systems?*-2,
An important small molecule tyrosine kinase inhibitor used in breast cancer therapy, lapatinib (LP), has been
chosen as model. It is a weak base with a secondary amine group (pKa =7.26) and it was recently reported to
form a strong intermolecular ionic interaction with acidic polymers*2¢, promoting the formation of highly stable
amorphous solid dispersions.

Results and Discussion

The process of spray drying consists of the rapid evaporation of the drug solution in a hot gas stream. Spray drying
is very favorable to the generation of amorphous systems because of the small droplet size and containerless envi-
ronment. Exploratory studies performed using Cu K-alpha radiation indicated that all initial lapatinib-polymer
powder samples were amorphous, with exception of the pure drug dispersion which immediately produced par-
tially crystalline lapatinib. This highlights the well-recognized importance of the polymers as carrier matrices to
inhibit nucleation and crystallization?”. However, the high noise level, low resolution and lack of information pres-
ent in the patterns obtained using a conventional copper-anode X-ray laboratory source made PDF and structural
studies on a laboratory powder diffractometer not realiable or possible?*?. In this context the use of high-energy
X-rays is fundamental to access the structural information present only at high Q ranges®. Figure 1 shows the
comparison of measured total x-ray structure factors for LP-HPMCP and LP-HPMC-E3 mixtures, respectively.
Even though all drug-polymer mixtures are XRPD amorphous, high quality x-ray structure factors and PDF
curves reveal significant differences among samples. The residual crystallinity of pure phase semi-crystalline
lapatinib is clearly visualized from measured X-ray structure factor for Q < 4.0 A=, given the Bragg peaks present
have similar positions to the pure crystalline drug pattern (Fig. le,f). The PDF of the pure spray dried drug is
in good agreement with the crystalline drug in the low-r range, as would be expected, as this primarily reflects
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Figure 1. Comparison of measurement X-ray factors for spray-dried lapatinib free-base (LP), polymers and
their mixtures: (a) pure HPMCP (spray dried); (b) 1:3 LP:HPMCP; (c) 1:1 LP:HPMCP; (d) 3:1 LP:HPMCP;
(e,]) pure amorphous LP (spray dried); (f,m) crystalline lapatinib raw material (as is, not spray dried); (g) pure
HPMC-E3 spray dried; (h) 1:3 LP:HPMC-E3; (i) 1:1 LP:HPMC-E3; (j) 3:1 LP:HPMC-E3, arrow indicates
residual crystallinity. The curves have been shifted for clarity.

the local intramolecular structure of the molecule (Fig. 2a). Differences appear as the peaks are broadened at
higher-r in the range containing more intermolecular correlations, due to the amorphicity caused by the spray
drying process. An intense peak at r= 1.4 A is a result of significant contributions of carbon-carbon interactions,
the most abundant in LP structure (Table 2), although carbon-nitrogen, carbon-oxygen, carbon-fluorine and
oxygen-sulphur interactions all contribute to the total x-ray scattering pattern's.

The 3:1 LP:HPMCP structure factor (Fig. 1d) is very similar to the semicristalline LP and indicates a signifi-
cant residual crystallinity that was not detected by the conventional powder diffraction. The combination of high
flux of synchrotron X-rays and a 2-D area detector has been reported to be able to detect levels as low as 0.2%
(w/w) of crystallinity?. In case of 3:1 LP:HPMC-E3 the Bragg peaks are not present in structure factor. The slight
deformation in the peak at approximately Q= 1.7 A~! (arrow Fig. 1j) and PDF (Fig. 2c) shows a loss in the inter-
molecular order at r > 5 A when in comparison to 3:1 LP:HPMCP, suggesting that the sample is predominantly
amorphous with a possible presence of very low amount of crystalline domains. After 100 days both samples
recrystallized into lapatinib free base Form 1% (as well as the pure phase semi-crystalline sample), indicating that
the 3:1 drug:polymer ratio samples contained enough crystalline-like interactions to eventually trigger recrystalli-
zation. Since x-ray structure factors of the 1:3 and 1:1 LP-polymer ratios do not present Bragg peaks (Fig. 1), it can
be inferred that the use of amounts HPMC-E3 and HPMCP over 50% produces truly X-ray powder amorphous
solid dispersions of lapatinib which can significantly influence in physical stability. This fact is in accordance with
Song and co-workers who reported that a 40% drug load was suitable to obtain a stable solid dispersion of LP and
HPMCP stable for 6 months at 40 °C/75%%. However, more structural insights are revealed when intermolecular
interactions are evaluated separately.

The total measured x-ray structure factor and corresponding PDF contain intra- and inter-atom-atom corre-
lations corresponding to drug-drug, drug-polymer and polymer-polymer interactions i.e.

Stotal(Q) =A. Sdrug—drug(Q) + B. Sdrug—polymer(Q) +C. Spolymer—polymer(Q) (l)

Where the drug-drug and polymer-polymer interactions have both intramolecular and intermolecular compo-
nents S, (Q) = S™*(Q) + S (Q) and by analogy S(Q) in reciprocal space, S(Q), can be replaced by D(r) in real
space. A, B and C represent the appropriately normalized x-ray weighting factors based on the number of elec-
trons and atomic concentrations associated with each.

In order to extract correlations from the overlapping peaks in the total PDF x-ray pattern, a series of analysis
steps was performed with a view to isolating the lapatinib intermolecular drug interactions, $/%*' (Q), following
the methodology previously outlined by Benmore'®. Firstly, the intra- and intermolecular lapat1n1b functions,
S L (Q)and %", ,(Q) respectively, were extracted from the total structure factor of pure lapatinib using the
XISF method previously described by Mou et al.*®. Here, we assumed a molecular conformation corresponding
to lapatinib in form 1 since amorphous samples generally crystallize into this polymorph and this is the stable
form?. The XISF method calculates the intramolecular x-ray scattering based on the atomic x, y, z positions of the
single input molecule using a zeroth order Bessel function based on a trust-region algorithim. Secondly, both the
intramolecular and intermolecular polymer-polymer interactions, $/ (Q) + Simter (Q) were

polymer— polmer ' polymer— polymer
approximated by the pattern obtained from the pure polymer structure factor. Subtractmg the x-ray weighted
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Figure 2. Comparison of total PDF patterns: (a) pure phase lapatinib samples; (b) 1:1 Solid dispersions of LP
and polymers compared to pure spray dried from medium to long-range order. Arrows indicate examples of
peaks present in both HPMC-E3-drug dispersions and pure LP (spray dried); (c) Overlay of 3:1 LP-polymers
preparations, showing long-range order of HPMC-E3 sample.

Cc-C 1.350 1.517 1.404 490
C-H 0.949 0.991 0.967 424
C-N 1.317 1.461 1.382 118
C-0 1.366 1.440 1.388 54
C-F 1.370 1.370 1.370 32
H-N 0.857 0.859 0.858 30
O-§ 1.440 1.446 1.443 26
C-S§ 1.760 1.763 1.762 24
C-Cl 1.734 1.734 1.734 14
Cl-0O 2.901 2.901 2.901 14

Table 2. Bond search distances generated by using CrystalMaker® 9.2.7 Software and calculated from
single crystal structure of LP.

contributions of the polymer and intramolecular LP structure factors leaves the drug interactions alone, namely
Sihe p(Q) and SIp potymer (Q)- Similarly, in real space we can write this in terms of the differential PDF as,

ADg}l’ter(r) = A. DitgirLP (r) + B. Ditgirdrug (r) (2)

The function AD}*" (r) therefore represents the probability of finding an atom on drug or polymer molecule
surrounding an atom on a LP molecule at the origin as a function of radial distance, r. Examples of the isolation
of the intermolecular drug term for lapatinib alone and with 1:1 mixtures of HPCM-E3 and HPCM-P polymers
are shown in Figs 3 and 4, respectively.
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Figure 3. Top: The measured total x-ray structure factor for lapatinib shown along with the intramolecular fit
corresponding to the scattering pattern of a single molecule, shifted for clarity. Also shown is the difference,
corresponding to the intermolecular lapatinib interactions alone. Bottom: The Fourier transforms of the curves
above. The total x-ray PDF above and contributions from the intramolecular and intermolecular PDF’s below.

The AD;3*" (r) curve in Fig. 5 show well defined drug-drug interactions in pure amorphous lapatinib extend-
ing out to and beyond 20 A. For the LP:HPMC-P system the drug rich 3:1 composition shows the similar correla-
tions of slightly reduced magnitude indicating clusters of drug molecules on the scale of 1-2 nanometers (Fig. 5b).
The 1:1 LP:HPMC-P curve shows just one broad peak around ~4.3 A indicating orientational correlations only
extend out to nearest neighbor molecules (Fig. 5¢). The 1:3 curve (Fig. 5d) essentially shows a flat line implying
that the LP molecules randomly dispersed in the polymer at this concentration, which supports the superior
stability of those samples compared to the LP 3:1 HPMCP sample. In case of the LP:HPCM-E3 system the same
analysis yields a different scenario. Here, the drug rich 3:1 composition shows a distinct first correlation at ~4.4 A
and a much weaker second peak at ~8.3 A with nothing beyond that (Fig. 5f). The 1:1 LP:HPCM-E3 curve
(Fig. 5g) and 1:3 (Fig. 5h) curves are similar to the 3:1 only showing the first and second peaks, but these are
reduced in magnitude as might be expected due to the diminished drug concentration. Therefore it is suggested
that at high concentrations in HPMC-E3 mixtures, lapatinib molecules do not cluster in the same way as observed
in HPCM-P, but LP molecules do have distinct nearest neighbor interactions. Unfortunately it is not possible to
distinguish between LP-LP and LP-polymer interactions using this method and a more detailed molecular simu-
lation is required to deconvolute these specific molecular interactions. Nonetheless, we can use chemical argu-
ments to help explain the observed differences.

Lapatinib is well known to form ionic interactions with HPMCP through an acid-base mechanism which can
be clearly observed by the differences in color of the dispersions showed in Fig. 6. Whereas HPMC-E3 dispersions
exhibits a pale yellow, HPMCP samples shows as bright yellow as an evidence of salt formation?*. This interaction
is not expected in HPMC-E3, since there are no carboxylic groups to react with amines. On the other hand,
lapatinib-lapatinib interactions are mainly driven by the N14—H-0O3 hydrogen bond?® which is related to the
most basic nitrogen (pka 7.26), as can be inferred from the crystal structure (Fig. 7). Also, this is the principal site
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Figure 4. The total (measured x-ray) differential pair distribution function for the 1:1 LP:HPCM-E3
mixture (top, left) and 1:1 LP:HPCM-P mixture (top, right) each broken down into three components.
Pure polymer, LP intramolecular component and LP intermolecular PDF (obtained by subtracting the polymer
and LP intra from the total). The LP intermolecular PDF isolates out the intermolecular drug-drug and drug-
polymer interactions present.
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Figure 5. Comparison of intermolecular differential pair distribution functions of drug-polymer mixtures:
(a,e) pure LP (spray dried); (b) 3:1 LP:HPMCP; (¢) 1:1 LP:HPMCP; (d) 1:3 LP:HPMCP; (f) 3:1 LP:HPMC-E3;
(g) 1:1 LP:HPMC-E3; (h) 1:3 LP:-HPMC-E3. The gray area represents the low-r density region prone to
systematic errors'>.

for ionic pair formation with the polymer. Intermolecular differential pair distribution functions show that the
first intermolecular correlation arises from a valley at 3.10 A and reaches a peak at around 4.60 A. This fact is
consistent with the distances and the number of nearest neighbor contacts related to C-C, C-N and C-O in
drug-drug interactions in the crystal, as show in Figs 7, 8 and 9. Basically, when an acid-base interaction occurs
the local structure is disrupted and drug molecules are dislocated by the acidic groups of the polymer, increasing
the disorder of the system. Congruently, the total D(r) for LP:HPMC-E3 closely resembles that of the pure drug
(Fig. 2b; peaks are indicated by arrows) due to drug-drug contacts and AD;3*" (r) shows more peaks for LP:
HPMC-E3 mixtures than for LP:HPMCP, indicating a more ordered system. Conversely, the total absence of
those peaks in 1:3 LP:HPMCP preparations suggest that a complete reaction with the polymer has taken place on
the N4 sites. In an analogy with the percolation rigidity theory?! the higher the numbers of connections and
ordering, the higher the rigidity of the network will be and the more easily the system will reach the threshold for
nucleation. If so, this would suggest that 1:1 LP:HPMCP and 1:3 LP:HPMC-E3 are less stable than 1:3 LP:HPMCP.
In fact, this is correct. A stress test with direct exposure was carried out under 40°C/75% RH revealing that both
samples start crystallizing after 7 and 30 days, respectively, while 1:3 LP:HPMCP remains amorphous.

Conclusion

Synchrotron X-Ray diffraction and Pair Distribution Function Analysis were successfully applied to access the
local structure of an ionic drug-polymer interactions in amorphous systems. The presence of correlations extend-
ing out to beyond 20 A were found in the total differential distribution function D(r) of pure amorphous lapatinib
and also in 3:1 drug-polymer preparations indicated the presence of crystalline domains. Plus, the strategy of
extracting lapatinib intermolecular drug interactions was fundamental to visualize the presence of distinct near-
est neighbor for HPMC-E3 rich samples and identify that lapatinib molecules do not cluster in the same way as
observed in HPCM-P. Finally, the superior physical stability of 1:3 LP:HPMCP was clarified from a structural
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Figure 7. Structural aspects of Lapatinib-Lapatinib Interactions: (A) Molecular Structure showing pkas
values for amine groups Interactions; (B) Unit cell of Lapatinib free base form I; (C) Close up of N14—H—O3
hydrogen bond; (D) Close up of the closest distances for Carbon-Carbon pairs; (E) Close up of the closest
distances for Nitrogen-Carbon pairs.

point of view by combining the chemical knowledge, the absence of significant contacts in ADJH (r) at about
3.0-6.0 A and the pattern of nearest neighbor contacts related to C-C, C-N and C-O in drug-drug interactions.
This powerful approach opens new directions in the use of structural signatures or trends at the atomic and nano-
meter level that could predict macroscopic behavior of amorphous solid dispersions in pharmaceutical systems.

Methods and Materials

Materials. Methanol (MeOH) and dichloromethane (DCM) were procured from Macron Fine Chemicals
(Center Valley, PA). Lapatinib free base was purchased from LC Laboratories (Woburn, MA). HPMC-E3
(hydroxypropyl methylcellulose, Methocel® E3) and HPMCP (HP-55) were obtained from Colorcon (West Point,
PA, USA) and Shin-Etsu Chemical Company (Tokyo, Japan), respectively.

Preparation of spray dried samples. Lapatinib free base and polymers were solubilized under stir-
ring in a 70/30 (v/v) mixture of DCM/MeOH at 2% (w/v) solids concentration. Different proportions (w/w) of
drug-polymer were used as follow: 1:0 (pure drug), 3:1, 1:1, 1:3 and 0:1 (pure polymer). The solutions were spray
dried using a Biichi-B190 spray dryer (Biichi, Switzerland) in the following conditions: inlet temperature of 75 °C;
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3.20A

Figure 8. Intermolecular Carbon-carbon, Carbon-Nitrogen and Carbon-Oxygen close contacts in
lapatinib unit cell”® ranging from 3.20 to 4.60 angstroms (view along axis b).

outlet temperature of 45 °C; aspirator flow 400 (arbitrary units), pump feed rate 5 mL/min. The powder was stored
in sealed glass vial and keep under refrigeration until X-ray powder diffraction (XRPD) and high-energy X-ray
analysis were performed. After that the samples were stored under ambient conditions for 100 days and reanaly-
zed by X-ray powder diffraction (XRPD).
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Laboratory based X-ray powder diffraction. X-Ray powder diffraction patterns were measured on a
Siemens/Bruker D5000 diffractometer, using Ni filtered Cu Ko radiation (A=1.5418 A). The data were collected
using an acceleration voltage of 40kV and a tube current of 40 mA, step size of 0.02, step time 55 in the angular
range of 4° < 20 <40°

Hig h-Ener%y X-Ray Diffraction. Drug-polymer samples were mounted in polymide tubing
(Cole-Parmer”, Vernon Hills, IL, USA) with an inside and outside diameters of 0.0710 and 0.0750 inches, respec-
tively. The high-energy X-ray experiments were conducted on the Beamline 6-ID-D at the Advanced Photon
Source, Argonne National Laboratory using a monochromatic beam of energy 100.315keV (0.12360(5) A)
and 0.5mm x 0.5mm in size to minimize absorption and multiple scattering in the sample and attain high
Q-values. Scattered x-rays were detected using a Perkin Elmer XRD1621 amorphous silicon area detector. The
sample-detector distance of 332.9 mm was calibrated using a NIST standard CeO, powder sample. The 2D scat-
tering patterns were integrated using Fit2D*? and the x-ray structure factors S(Q) extracted using PDFgetX2%.
The corresponding differential pair distribution functions D(r) were obtained by a Sine Fourier transformation
using the HHS formalism as described by Keen** and Susman et al.'8, where,

sin Qr
d
Qr < (3)

_ 2 Qmax 2 _
D(r) = Wfo QIS - 1]

Structure and Distance Calculations. Closest contacts distances were calculate by using CrystalExplorer
3.1 (S.K. Wolff, D.J. Grimwood, J.J. McKinnon, M.J. Turner, D. Jayatilaka, M.A. Spackman, University of Western
Australia, 2012) based on crystallographic data of polymorph I%. Structure drawing and pKa calculation were
performed using a Marvin 5.11.3 (Chemaxon, Budapest, Hungary) 2016 http://www.chemaxon.com.

References

1. Lawrence, X. Y. Pharmaceutical quality by design: product and process development, understanding, and control. Pharm. Res. 25,
781-791 (2008).

2. Lee, S. L., Raw, A. S. & Yu, L. Significance of drug substance physicochemical properties in regulatory quality by design. Drugs
Pharm. Sci. 178, 571 (2008).

3. Byrn, S. R, Zografi, G. & Chen, X. S. Accelerating proof of concept for small molecule drugs using solid-state chemistry. J. Pharm.
Sci. 99, 3665-3675 (2010).

4. Lawrence, X. Y. et al. Understanding pharmaceutical quality by design. AAPS J. 16, 771-783 (2014).

5. Zografi, G. & Newman, A. Interrelationships Between Structure and the Properties of Amorphous Solids of Pharmaceutical Interest.
J. Pharm. Sci. doi: 10.1016/j.xphs.2016.05.001.

6. Thakral, S., Terban, M. W,, Thakral, N. K. & Suryanarayanan, R. Recent advances in the characterization of amorphous

pharmaceuticals by X-ray diffractometry. Adv. Drug Deliv. Rev. 100, 183-193 (2016).

. Elliott, S. R. Medium-range structural order in covalent amorphous solids. Nature 354, 445-452 (1991).

. Mackay, A. L. Generalised crystallography. Comput. Math. Appl. 12, 21-37 (1986).

. Kohara, S. & Suzuya, K. Intermediate-range order in vitreous SiO2 and GeO?2. J. Phys. Condens. Matter 17, S77 (2005).

. Bates, S. et al. Analysis of amorphous and nanocrystalline solids from their X-ray diffraction patterns. Pharm. Res. 23, 2333-2349

(2006).

11. Billinge, S. J. et al. Characterisation of amorphous and nanocrystalline molecular materials by total scattering. Cryst Eng Comm 12,
1366-1368 (2010).

12. Whitehead, A. N. The principles of natural knowledge (1920).

13. Billinge, S. J. & Kanatzidis, M. G. Beyond crystallography: the study of disorder, nanocrystallinity and crystallographically
challenged materials with pair distribution functions. Chem. Commun. 749-760 (2004).

14. Benmore, C. J. et al. Structural characterization and aging of glassy pharmaceuticals made using acoustic levitation. J. Pharm. Sci.
102, 1290-1300 (2013).

15. Benmore, C. J. In Discovering and Developing Molecules with Optimal Drug-Like Properties 263-283 (Springer, 2015).

16. Rademacher, N. et al. Study of the reaction products of SF 6 and C in the laser heated diamond anvil cell by pair distribution
function analysis and micro-Raman spectroscopy. J. Solid State Chem. 225, 141-148 (2015).

17. Kohara, S. et al. Synchrotron X-ray Scattering Measurements of Disordered Materials. Z. Fiir Phys. Chem. 230, 339-368 (2016).

18. Susman, S., Volin, K. J., Montague, D. G. & Price, D. L. The structure of vitreous and liquid GeSe2: a neutron diffraction study. J.
Non-Cryst. Solids 125, 168-180 (1990).

19. Bates, S. et al. Assessment of defects and amorphous structure produced in raffinose pentahydrate upon dehydration. J. Pharm. Sci.
96, 1418-1433 (2007).

20. Nollenberger, K. et al. Pair distribution function X-ray analysis explains dissolution characteristics of felodipine melt extrusion
products. J. Pharm. Sci. 98, 1476-1486 (2009).

21. Newman, A. et al. Characterization of amorphous API: Polymer mixtures using X-ray powder diffraction. J. Pharm. Sci. 97,
4840-4856 (2008).

22. Sheth, A. R, Bates, S., Muller, F. X. & Grant, D. J. Local structure in amorphous phases of piroxicam from powder X-ray
diffractometry. Cryst. Growth Des. 5, 571-578 (2005).

23. Dykhne, T., Taylor, R., Florence, A. & Billinge, S. J. Data requirements for the reliable use of atomic pair distribution functions in
amorphous pharmaceutical fingerprinting. Pharm. Res. 28, 1041-1048 (2011).

24. Weuts, L. et al. Salt formation in solid dispersions consisting of polyacrylic acid as a carrier and three basic model compounds
resulting in very high glass transition temperatures and constant dissolution properties upon storage. Eur. J. Pharm. Sci. 25, 387-393
(2005).

25. Song, Y. et al. Investigation of drug-excipient interactions in lapatinib amorphous solid dispersions using solid-state NMR
spectroscopy. Mol. Pharm. 12, 857-866 (2015).

26. Song, Y. et al. Acid-Base Interactions of Polystyrene Sulfonic Acid in Amorphous Solid Dispersions Using a Combined UV/FTIR/
XPS/ssNMR Study. Mol. Pharm. 13, 483-492 (2015).

27. Baghel, S., Cathcart, H. & O’Reilly, N. J. Polymeric Amorphous Solid Dispersions: A Review of Amorphization, Crystallization,
Stabilization, Solid-State Characterization, and Aqueous Solubilization of Biopharmaceutical Classification System Class II Drugs.
J. Pharm. Sci (2016).

SCIENTIFICREPORTS | 7:46367 | DOI: 10.1038/srep46367 9


http://www.chemaxon.com

www.nature.com/scientificreports/

28. Nunes, C., Mahendrasingam, A. & Suryanarayanan, R. Quantification of crystallinity in substantially amorphous materials by
synchrotron X-ray powder diffractometry. Pharm. Res. 22, 1942-1953 (2005).

29. Araujo, G. L. B. de, Zeller, M., Smith, D., Nie, H. & Byrn, S. R. Unexpected single crystal growth induced by a wire and new
crystalline structures of lapatinib. Cryst. Growth Des (2016).

30. Mou, Q., Benmore, C. J. & Yarger, J. L. X-ray Intermolecular Structure Factor (XISF): separation of intra-and intermolecular
interactions from total X-ray scattering data. J. Appl. Crystallogr. 48, 950-952 (2015).

31. Thorpe, M. Continuous deformations in random networks. J. Non-Cryst. Solids 57, 355-370 (1983).

32. Hammersley, A. P, Svensson, S. O., Hanfland, M., Fitch, A. N. & Hausermann, D. Two-dimensional detector software: from real
detector to idealised image or two-theta scan. Int. J. High Press. Res. 14, 235-248 (1996).

33. Qiu, X., Thompson, J. W. & Billinge, S. J. PDFgetX2: a GUI-driven program to obtain the pair distribution function from X-ray
powder diffraction data. J. Appl. Crystallogr. 37, 678-678 (2004).

34. Keen, D. A. A comparison of various commonly used correlation functions for describing total scattering. J. Appl. Crystallogr. 34,
172-177 (2001).

35. Song, X. et al. Structural heterogeneity and unique distorted hydrogen bonding in primary ammonium nitrate ionic liquids studied
by high-energy X-ray diffraction experiments and MD simulations. J. Phys. Chem. B 116, 2801-2813 (2012).

36. Meral, C., Benmore, C. J. & Monteiro, P. J. The study of disorder and nanocrystallinity in C-S-H, supplementary cementitious
materials and geopolymers using pair distribution function analysis. Cem. Concr. Res. 41, 696-710 (2011).

37. Skinner, L. B., Chae, S. R., Benmore, C. J., Wenk, H. R. & Monteiro, P. J. M. Nanostructure of calcium silicate hydrates in cements.
Phys. Rev. Lett. 104, 195502 (2010).

38. Du, P, Kokhan, O., Chapman, K. W,, Chupas, P.]. & Tiede, D. M. Elucidating the domain structure of the cobalt oxide water splitting
catalyst by X-ray pair distribution function analysis. J. Am. Chem. Soc. 134, 11096-11099 (2012).

Acknowledgements

Dr. Q. Mou is thanked for guidance on the use of his XISF program. The Advanced Photon Source is operated
for the U.S. Department of Energy (DOE) Office of Science by Argonne National Laboratory and supported
by the U.S. DOE under Contract No. DE-AC02-06CH11357. The authors acknowledge the Sao Paulo Research
Foundation (FAPESP) for financial support [grant #2015/15456-5 and grant #2015/05685-7, SP, Brazil].

Author Contributions

S.R.B.and C.J.B. conceived the research. S.R.B. and G.L.B.A. designed the experiments. G.L.B.A. conducted spray
drying, stability studies, laboratory X-ray powder diffraction experiments and drafted the main manuscript text.
C.J.B., G.L.B.A. and S.R.B. performed Synchrotron X-Ray diffraction experiments, data treatment and analysis.
C.J.B. isolated the lapatinib intermolecular drug interactions using the XISF method. All authors extensively
discussed the results and reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: de Araujo, G. L. B. et al. Local Structure of Ion Pair Interaction in Lapatinib
Amorphous Dispersions characterized by Synchrotron X-Ray diffraction and Pair Distribution Function
Analysis. Sci. Rep. 7, 46367; doi: 10.1038/srep46367 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:46367 | DOI: 10.1038/srep46367 10


http://creativecommons.org/licenses/by/4.0/

	Local Structure of Ion Pair Interaction in Lapatinib Amorphous Dispersions characterized by Synchrotron X-Ray diffraction a ...
	Results and Discussion

	Conclusion

	Methods and Materials

	Materials. 
	Preparation of spray dried samples. 
	Laboratory based X-ray powder diffraction. 
	High-Energy X-Ray Diffraction. 
	Structure and Distance Calculations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Comparison of measurement X-ray factors for spray-dried lapatinib free-base (LP), polymers and their mixtures: (a) pure HPMCP (spray dried) (b) 1:3 LP:HPMCP (c) 1:1 LP:HPMCP (d) 3:1 LP:HPMCP (e,l) pure amorphous LP (spray dried) (f,m) cry
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Comparison of total PDF patterns: (a) pure phase lapatinib samples (b) 1:1 Solid dispersions of LP and polymers compared to pure spray dried from medium to long-range order.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Top: The measured total x-ray structure factor for lapatinib shown along with the intramolecular fit corresponding to the scattering pattern of a single molecule, shifted for clarity.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The total (measured x-ray) differential pair distribution function for the 1:1 LP:HPCM-E3 mixture (top, left) and 1:1 LP:HPCM-P mixture (top, right) each broken down into three components.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Comparison of intermolecular differential pair distribution functions of drug-polymer mixtures: (a,e) pure LP (spray dried) (b) 3:1 LP:HPMCP (c) 1:1 LP:HPMCP (d) 1:3 LP:HPMCP (f) 3:1 LP:HPMC-E3 (g) 1:1 LP:HPMC-E3 (h) 1:3 LP:HPMC-E3.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Color differences in lapatinib solid dispersions with HPMCP and HPMC-E3.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Structural aspects of Lapatinib-Lapatinib Interactions: (A) Molecular Structure showing pkas values for amine groups Interactions (B) Unit cell of Lapatinib free base form I (C) Close up of N14−​H—O3 hydrogen bond (D) Close up of the clos
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Intermolecular Carbon-carbon, Carbon-Nitrogen and Carbon-Oxygen close contacts in lapatinib unit cell29 ranging from 3.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Schematic of local interactions and diffraction pattern using high-energy X-rays.
	﻿Table 1﻿﻿. ﻿  Examples common observations and possible interpretations of pair distribution function patterns.
	﻿Table 2﻿﻿. ﻿  Bond search distances generated by using CrystalMaker® 9.



 
    
       
          application/pdf
          
             
                Local Structure of Ion Pair Interaction in Lapatinib Amorphous Dispersions characterized by Synchrotron X-Ray diffraction and Pair Distribution Function Analysis
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46367
            
         
          
             
                Gabriel L. B. de Araujo
                Chris J. Benmore
                Stephen R. Byrn
            
         
          doi:10.1038/srep46367
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46367
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46367
            
         
      
       
          
          
          
             
                doi:10.1038/srep46367
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46367
            
         
          
          
      
       
       
          True
      
   




