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The migration of formaldehyde from a polyethylene
glycol (PEG) fill into the gelatin shell of a saft elastic
capsule was observed using near-infrared (NIR)
spectrophotometry. Bootstrap pattern selection (BPS)
modeling was employed to analyze the spectra of the empty
capsules. Suitable correlation was confirmed (¢ = 0, 988)
when actial concentrations of formaldehyde in the PEG
Jill of the capsules were regressed against the values from
NIR spectra of the emptied and washed capsules.

INTRODUCTEON

Gielatin capsules are among the most versatile
pharmaceutical oral delivery system, and one in which drug
powders, solutions, or suspensions may be filled. Additional
applications that emptoy the hard gelatin capsule (HGC),
soft elastic gelatin capsule (SEGC), or gelatin coating
include controlled release technologies, cosmetic
formulations, and nutritional supplements. The beneficial
properties of the gelatin capsule include its hardy yet pliant
backbone, potished appearance, capability to hold dyes, and
ease of swallowing (1).

The propensity of the gelatin molecule toward
formaldehyde-induced derivatization and crossiinking
through its amino and guanidino functionalities has been
well described (2-6). The development of crosslinks between
these tertiary functionalities of the polypeptide leads to an
elevation in the molecuiar weight of gelatin and more
specifically, a deleterious effect on the dissolution of the
drug that it encapsulates (7). The likely effects of
formaldehvde crosslinking in gelatin have been examined
because of apparent dissolution preblems in in vitro analyses
of hard and soft gelatin capsules (1.8). It has been
demonstrated that SEGCs containing 20 or 80 ppm
formaldehyde in a [lipophilic fll exhibit decreased
dissolution rates of acetaminophen in contrast to fresh,
unadulterated SEGCs (9). Utilizing HGCs exposed to
atmospheric formaldehyde concentrations of 150 ppb for as
few as two hours, Gold et al. observed partial
insolubilization of the gelatin shell and diminished
dissolution rates of amoxicillin when compared to unstressed
capsules (10). These crosslinking events have been
recognized to effect the development of a thin,
water-msoluble membrane (pellicle} around the gelatin

capsule during dissolution testing (8). The pellicle behaves as
a barrier that conirols the diffusion of the drug. Recently,
aftention has been given to the origin of the low molecular
weight aldehydes involved in gelatin capsule insolubilization,
It has been revealed, for example, that corn starch, a frequent
drug excipient and fill material in HGCs, may embody low
tevels of hexamethvlenetetramine stabilizer (1, 11), which
decomposes 1n damp conditions to produce ammonia and
formaldehyde. Polyethylene glycols, commonly used as bases
for hyvdrophobic drugs in soft efastic gelatin capsules (SEGs),
unleash low molecular weight aldehydes through free radical
reactions and upon exposure to aerobic environments (11,12).

Recently, NIR spectrophotometry has been successtully
emploved for identification of water uptake (13,14) and extent
of crosslinking in HGCs (10,13}. In the latter tnvesiigation,
evacuated gelatin capsules (lacking excipients or drug
powders) were exposed to formaldehyde vapor. The capsules
were then charged with fresh amoxicillin and their
dissolution performance was determined in vitro as well as
predicted successfully using NIR spectrophotometry
{10,13}. 1Tt is important to demonstrate, however, that a
nondestructive and noninvasive method is able to detect
formaldehyde that emanates from the encapsulated excipient
and migrates mito the gelatin shell, wath the potential to
render the gelatin insoluble,

The current research aggregates the analylical strength of
NIR spectrophotometry and a new BEST regression with
bootstrap model selection {15) in much the same way
principal component regression has been used (16). Thesetwo
techniques are applied to predict, in empty SEGCs, the
concentration of formaldehyde in a polyethylene glycol base
originally held inside the same capsules.

THEORY

Near-IR spectra are used 1n this research qualitatively and
quantitatively in the analysis of protein crosslinks. Spectra
are represented as elements of a matrix T, with one row for
gach of » samples and one column for each of 4
wavenumbers., Fach sample point i1s translated from the
origin in hyperspace in ¢ach dimension 4 by an amount that
corresponds to the magnitude of the signal observed at each
wavenumber. Under this scheme, similar samples give rise
to similar spectra thai project into similar regions of



hyperspace.

Let « be asubset of {1,..., p} of size p, and t.« (or 3,) be
the subvectors of t; (or B) containing the components of t;
(or P) indexed by the integers in . Then a model
corresponding to «, designated model a for clarity, is

wo = E(y, | t;) = t' By var(y, | t,}) = o), i=1,..,n
Eqg |

For a given o, model @ 1s not necessarily a correct model
in the sense that E(y, | t)) is actually not always equal to
t"afi,. If B, contains all nonzero components of 3, then t' 3
= t',xp, for any t; and model (2) is called a correct model.
There may also be additional correct models.

If o, is the subset matching the correct model with the
smallest size; that 1s, 3,, contains exactly all nonzero
components of 3, Then,

lim inf A (g} >0 for any incorrect model a, Eq2

n—e

and model a, 1s optimal in the sense that it minimizes
L () over o € A for sufficiently large n; that is,

lim P{ L (e;) = mé{ng ff‘"(a)} = 1. Eqg 3
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Because L (e) comprises the unknown parameter {3, the
optimal o, must be estimated. Selecting a model is the
same as finding an estimate of o,

P

l.et @ be the estimate of & based on a model selection
procedure. Then the model selection

procedure is defined as consistent if

AN

lim P{a = ay} =1. Eq 4
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The regression algorithm used analyzes distributions of
spectra in hyperspace (n an etfort to create consistent, correct
models. Following the initialization of the matrix T, the
algorithm calibrates similarly to the parallel assimilation
modeling procedure in ref. 17. Three simple equations
define the distance and direction relationships of the
calibration samples, the test sample(s), and the calibration
probability distribution:

d
Sz = ( Z(x;- ¢;))” Eq 5
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An advantage of the BPS algorithm over the BEST
assimilation modeling procedure 1s realized during the
analysis of actual samples after calibration, when a series of
equations that formerly had to be iterated can be replaced
with simply

S[p}i = S{GR}E - ({S{mid + EES {or_n)z(ﬂizm): - S{Zﬂ]i4 tz(ﬁ' mn]i)z(S[m:.Z)
+ 2(3{211})2(3({1:))“ - S(nzf }/ 4(3{02})3)]"
Eq 8

Standard deviations of S, are then used for qualitative and
quantitative analysis of the plaque samples. The direction of
Sz contains the qualitative information and the 5Ds of S,
along S, provides quantitative information for sample
regression and prediction.

EXPERIMENTAL

Materials. S1ze 8, clear oblong capsules with 0.5 em
twist-off tips were provided by Banner Pharmacaps, Inc.
{Chatsworth, CA). Low-aldehyde polyethvlene glycol (PEG)
400 was acquired from Union Carbide (Danbury, CT).
Formaldehvyde, 37% w/w In water, was obtained from Aldrich
(St. Paul, MN).

Instrumentation. Spectral data were collected by a
spectrophotometer assembled from a concave holographic
grating and lead sulfide detector. Absorbance values were
obtained as log (1/reflectance) data from capsules from 1100
to 2500 nm. The data were collected and analyzed with an
Intel Pentium computer running Windows software.
Analytical software was written in Mathematica (Wolfram
Research, Inc., Champaign, IL).

Procedure. Three capsules were gach injected with one of
five solutions. The solutions were PEG 400 (neat), 0.05 vol%
formaldehyde in PEG 400, 0.10 vol% formaldehyde in PEG
400, 0.20 vol% formaldehyde in PEG 400, and 0.40 vol%%
formaldehyde in PEG 400. Injection of 0.5 ml of solution
was executed by penetrating the capsule at the apex of the
twist-off tube using a 1.0 ml syringe furnished with a 27 gauge
needle. The capsules were cleaned at the point of injection to
guarantee that the solution would not migrate to the outer
surfaces of the capsule. The capsules were positioned with the
apex up inside a sealed glass vessel for 48 h. Afterward, the
tips of the SEGCs were excised, with care taken not to permit
the solutton inside to reach the outer capsule surfaces. Using
a miniature pipet, the solutions inside the SEGCs were
extracted, and the interior surfaces of the capsules wererinsed
twice with new PEG 400 and twice with diethyl ether. The
capsules were subsequently deposited 1m a mitrogen
atmosphere for twenty four hours. Capsules were scanned
three times with the lanced end downward in a 90° conical



retlector machined from alumimum (17). A steel wire brace

was used to achieve vertical capsule positioning within the
cone (10).

RESULTS AND DISCUSSION

Figure 1 presents the NIR spectra for all stx experimental
groups of evacuated SEGCs. Three reflectance values are
entered at each wavelength because three NIR scans were
collected from each sample. Spectral averaging, which
preserved only the average reflectance value at each
wavelength, was executed on the data. The spectra were
subsequently smoothed with a cubic spline algorithm, after
which spectral scattering effects ansing from sample
tnhomogeneity (vanation in capsule wall thickness and
composttion) were eliminated by multiplicative scatter
correction. Nonuniformity of samples precluded simple
analysis techniques from not only defining the spectral
signal of an individual capsule, but also from discriminating
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Figure 1 NIR spectira of empty soft gelatin capsules, which had
been filled with polyethylene glycol +/- lormaldehyde solution,
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Figure 2 Accuracy and prccision results as a function of number
of calibration sampics. €=BPS bias. li={actorization bias,
A=BPS R5D, X=factorization RSD. BPS has more accuracy
and precision than matrix factorization.

its NIR spectra from that of other capsules. Therefore,
regression with bootstrap model selection was used to analyze
the smoothed, scatter-corrected capsule spectra.
Cross-validation was employed on the entire group of
capsules. Figure 2 i1s a graph of the bias and RSD (using the
ASTM E456 definitions) test results of the BPS algorithm on
N(0,1) data as a function of number of calibration set size.
Figure 3 portrays the clear linear correlation (r’=0.988) of
actual concentration of tormaldehyde (solution) in the PEG
solutions, initially encapsulated by the SEGCs, to
concentrations calculated using the NIR spectra of the same
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Figore 3 Correlation of actual concentrations of 37%
formaldehyde solutions/ml PEG, encapsulated for 48 hours in
soft gelatin capsules, to concentrations predicted by NIR
spectrophotometry of empty, drv capsules(r® = 0.988; passed
cross-validation, SEE=0.024 v/v%, SEP=0.040 v/v%; p<0.05,

tcst). Ninc of the thirtcen gencrated principal components were
utifized in the prediction modcl. The calibration line,
representing r°=1, is shown supcrimposcd on the data points.

capsules, when evacuated. From cross-validation, the
standard error of estimate (SEE) and standard error of
prediction (SEP) were (.024 and 0,040%, respectively, with
p < 0.05 using the f-test. The calibration line, depicting a
theoretical correlation coefficient of r’= |, is displayed
superimposed over the data points in Figure 3. In effect, the
alterations 1n the NIR spectra of the evacuated gelatin
capsules, resulting from formaldehyde migration within and
possible reaction with the gelatin shell, were correlated to a
recognized concentration of formaldehyde deposited in the fill
material of the SEGC. Two possibilities exist that might
explain the high correlation between evacuated SEGC NIR
spectra and known concentration of formaldehyde doped into
the capsules’ PEG fill: (1) either all, or, (2) a fixed percentage
of the formaldehyde that was originally encapsulated by the
SEGCs in each of the experimental groups migrated into and
possibly reacted with the gelatin capsule shell. The latter
phenomena were demonstrated by concomitant modihications
in the NIR spectra of the evacuated SEGCs. If the
formaldehyde in the fill of the second and subsequent groups
of capsules (formaldehyde solution, 0.10, 0.20, 0.40% v/v in



PEG) had not completely migrated into the gelatin shell of
the SEGC, while the formaldehyde in the fill of the first
group of capsules (formaldehyde solution, 0.05% v/v in
PEG) not only diffused into but also reacted with the gelatin
capsule shell, the NIR-predicted value of formaldehyde
concentration m the former groups would have been
constderably lower than the actual amount of formaldehyde
assimilated into the capsule fill. The consequent graph
correlating actual concentrations of formaldehyde in PEG,
encapsulated for 48 h in soft gelatin capsules, Lo
concentrations predicted by NIR spectrophotometry, would
have contained points that diverged downward from the
calibration line in Figure 3.

Examination of the vectors of the transformation matrices
bridging wavelength and factor hyperspace can reveal the
wavelengths (and possible chemical interactions) correlate
positively (or negatively) with the NIR spectral changes of
the empty SEGCs, initially charged with
formaldehyde-tainted PEG. The weightings for the first
tactor (Figure 4) showed a positive weighting on
wavelengths between 1100 and 1400 nm and above 2050
nm. Conversely, the same weightings (Figure 4) displayed
negative weights on waveiengths between 1400 nm and
2050 nm. The second weightings graph showed more
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Figure 4 Loadings tor the first principal componcent, showing
wavelengths weighted by PCR in the NW spectral changes of
empty soll gelatin capsules ([illed lor 48 h with polyvethylenc
glycol I tormaldehvde solution, then emptied and dried).

specific wavelengths of correlation (Figure 5), e.g., large
postitve weighting on 1385, 1840, and 2200 nm, whereas
strong negative weighting was placed on 2040, 1945, and
1420 nm. Of particular significance are the last two
wavelengths: 1420 and 1945 nm, which typity the water
molecule's NIR absorbance wavelengths. Because water is a
product of formaldehyde-induced crosslinking reactions in
gelatin (18), the elimination of water from the SEGC gelatin
shell with increasing concentrations of formaldehyde in the
PEG fill is a plausible explanation for the weightings, with
wavelengths representing the NIR signals of water (1945
and 1420 nm; Figure 5). Accordingly, as the concentration

of formaldehyde in the SEGC fill material increased, the NIR
spectra of the empty SEGCs, verified by decreases in specific
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Figure 5 Loadings for the second principal component, showing
wavclengths weighted by PCR 1n the NIR spectral changes of
empty soft gelatin capsules (filled for 48 h with polyethylene
glycol I formaldehyde solution, then emptied and dried).

spectral regions (1420 and 1945 nm; Figure 5) demonstrated
reduction of water by evaporation in the gelatin shell. The
weighting of the first factor actually describes a baseline shift
in the spectra that arises from a change in water
concentration. The absorbance spectrum of water in the NIR
region is so strong that a small change in water concentration
affects the entire spectral baseline. In the third graph of factor
weightings {Figure 6), the appearance of positive wavelength
weighting deviations (not due to water absorbance) at 1780
and 2200 nm vahdates the hypothesis that through the
formaldehyde-induced crosslinking of gelatin, chemical bonds
are broken and/or formed (1, 18). These crosslink bonds give
rise to the vibrational harmonic and overtone signal
frequencies observed in the NIR region.

Gelatin crosslinking, originated by formaldehyde
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Figure 6 Loadings for the third principal component, showing
wavclengths weighted by PCR in the NIR spectral changes of
empty soft gelatin capsules (filled for 48 h with polyethvlene
glycol | formaldchvde solution. then emptied and dried).
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