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Abstract

In biopharmaceutical drug development and production, a portable energy dispersive x-ray fluorescence
(EDXRF) spectrometer can be used for identification of foreign particles, investigation of discolored solutions,
and improvement of process understanding. The spectrometer is a safe, small, robust, rapid, easy-to-use, multi-
elemental diagnostic tool. Examples using the EDXRF for detecting metal composition in particulates, precipitants,
liquids, and resins-with rapid resolution of investigations-are described.
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Introduction

Portable energy-dispersive  x-ray fluorescence (EDXRF)
spectrometers are safe, inexpensive, versatile, easy-to-use, rapid
instruments for multi-elemental analysis. They are employed in
fields such as geoarcheology (to date artifacts) [1,2], environmental
applications (e.g., measuring heavy metal content in soils) [3,4], and
the food industry (to determine toxic inorganics in FDA regulated
products) [5,6]. Their use in the (bio-) pharmaceutical industry is
relatively recent. In one study, portable EDXRF spectrometers were
used to determine toxic metals (Cr, As, Pb and Hg) in pharmaceutical
tablets [7]. In another study, an EDXRD spectrometer was used to
measure metal variability in nutrient powders used in cell culture,
to improve bio-therapeutic product consistency [8]. However, the
potential of EDXREF as a forensic tool has yet to be fully explored.

Biopharmaceutical forensics refers to the application of science
to help resolve issues in the development and manufacturing of bio-
therapeutic drugs. These investigations may encompass a wide variety
of goals, such as enhancing process understanding during drug
development, resolving process deviations during manufacturing, or
ensuring suitability of raw materials for drug production. Issues that
arise during an investigation may be associated with costly delays in
the development of a process and/or the release of a drug batch. Thus,
there is a desire for rapid and information-rich diagnostic tools to
understand the root cause and the risks of the problem.

Common forensic tools employed by the industry for organic
identification include Raman spectroscopy, nuclear magnetic
resonance (NMR), and liquid chromatography [9]. But in a number of
cases, such as discolored substances, metal composition is often more
useful for elucidating the root cause. In biopharmaceuticals, metals are
typically detected by inductively coupled plasma mass spectrometry
(ICP-MS), inductively coupled plasma atomic emission spectroscopy
(ICP-AES) or atomic absorption spectroscopy (AAS); in all cases,
sample preparation or sample digestion is required. However, sample
preparation is not always feasible, as in the case of plastic or metal
particulates and chromatography resins. Here we show how EDXRF
can be used as a metal analysis tool to generate fast, meaningful results
to help resolve or guide biopharmaceutical forensic investigations for
many types of materials.

X-ray fluorescence is the emission of secondary radiation from
a material after being excited by x-rays at a higher energy. Because
each element has a unique orbital structure, the energy of the emitted
radiation identifies the element, while the fluorescence intensity
correlates to its abundance. Like ICP-MS, EDXRF is a multi-elemental
analysis tool, which is able to measure elements ranging from Na-
U. Neither ICP-MS nor EDXRF can distinguish between oxidation
states of metals. The strength of ICP-MS is to quantitatively measure
concentrations as low as parts per billion (ppb) levels, but its utility
is limited to samples that can be solubilized or digested. In contrast,
EDXREF is able to measure all matrices including powders, liquids,
viscous solutions, resins, particulates and solids in minutes, with
minimal to no sample preparation. Moreover, the spectrometer’s small
footprint makes it ideal to transport through the manufacturing plant,
an impractical task with analysis tools such as ICP-MS. The limitations
of EDXREF are that it requires external reference standards of a similar
composition for calibration, and that it has higher limits of detection
(LOD). For elements of interest in the biopharmaceutical industry,
the LODs are approximately 100 ppm for elements ranging from
sulfur to calcium (S-Ca), 10 ppm from titanium to iron (Ti-Fe), and 1
ppm from cobalt to selenium (Co-Se) [8]. These limitations however,
have not hindered the swift resolution of many problems typically
encountered in the biopharmaceutical industry. To that end, this paper
explores three types of investigations: (i) foreign particle identification,
(ii) discolored solution composition assessment, and (iii) process
development support.

Materials and Methods

The Tracer III-SD energy dispersive handheld XRF spectrometer
(Bruker AXS Handheld, Inc., Kennewick, WA) outfitted with a
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rhodium (Rh) x-ray tube and a 10 mm? XFlash silicon drift detector
was used for all EDXRF analysis. The multichannel analyzer resolution
is approximately 20 eV per channel and the instrument resolution is
<155 eV (Mn Ka, 1500 cps). The spectrometer operates at a voltage of
40 kV and a current of 30 pA for integration times ranging from 60-300
sec. A filter composed of 0.001” Ti and 0.012” Al is used to optimize
the excitation conditions for elements ranging from titanium to silver
(Ti-Ag); a second filter composed of Ti is used to optimize excitation
from magnesium to iron (Mg-Fe). A collimated elliptical x-ray beam,
~10 mm x 7 mm, is emitted at 53° onto the samples. XRF sample cups
(SC-4231: Lab Premier Supply, Port St. Lucie, FL) sealed with ultralene
film (SPEX Certiprep, Metuchen, NJ) are used to store liquids, powders
and particulates for metal analysis.

All liquid samples were calibrated using standards composed of
ultrapure water mixed with varying concentrations of 1000 ppm single-
element solutions purchased from SpexCertiPrep. Note that since
resins are stored in solution to maintain their functionality and their
interactions with x-rays are similar to liquids, the liquid calibration
standards can be employed.

Results and Discussion

Foreign particle identification

Small particulates can enter the manufacturing process through
various means, such as improper dissolution of raw materials, raw
material milling impurities, chips from storage containers or from
worn down manufacturing components. Particulates come in many
different shapes and typically range from 0.5 to 10 mm. Traditionally,
particles that dissolve can be analyzed by laborious techniques such as
ICP-MS or NMR to determine composition and potential for process
impact. If the particles cannot be dissolved, they would typically be
captured by filters and pose little to no process risk, but their origin
would be unknown. Using the EDXREF, an initial (60 sec) assessment
with minimal sample prep, (i.e., particle is placed in the center of an
XRF sample cup) provides the metal content and guides the next steps
to determining root cause.

Figure 1 show two case studies of foreign particles found in raw
materials used for cell culture. The first set of spectra, Figure 1a, are from
sodium chloride crystals (black line) used as a common component
in cell culture media overlaid with a foreign metallic looking particle
(red line). The entire spectral range can be used to screen metals from
Na to U, but for biopharmaceutical investigations, the typical range of

interest is from 2.309 keV to 14.165 keV, i.e., the first order transition
lines for S to Sr [10]. The broad background between 10-35 keV and
the peaks located at 18.9 keV, 20.7 keV and 21.1 keV are associated
with instrument-generated x-ray lines that are backscattered from the
sample. These features are present in all EDXRF spectra. The sharp
peak at 6.4 keV is associated with Fe in the particle and because of its
abundance, multiple transition lines are observed such as that at 7.06
keV (multiple transitions occur from different orbitals, their effiecies
being related to the excitation energy and analyte concentration
[10]). In this case, the secondary transition could potentially mask a
Co transition line and due to the abundance of Fe, there may also be
some absorption/reemission interactions between nearby elements.
Nonetheless, low levels of Cr, Mn, Ni and Cu were also observed in the
foreign particle (Figure la). Such metallic particulates are commonly
found in salt and fortunately, do not pose a risk because they do not
dissolve in standard manufacturing solutions and are easily captured
by filters prior to the process stream.

Figure 1b, compares a brownish/black flake (red line) to the
nutrient powder (black line) in which it was found. Several metals were
detected but the presence of Pb was particularly of note and then led
to a discussion with the vendor and a subsequent investigation into the
raw materials manufacturing process. Through this communication,
it was determined that the particulate was a small flake from a
rotary blade used to mill the powder. Again, the particles were easily
removed from the solution via filtration. Because both the origin
and composition of the particle were known, an assessment of bio-
therapeutic manufacturing process impact was readily made.

The absence of strong metal signatures can also be useful to direct
an investigation. For example, white flakes floating in solution could
result from storage containers or deteriorated rubber/Teflon/silicone
components used in manufacturing. From previous experience, if the
foreign particle results from a worn component used in manufacturing,
it will contain large levels of Ti whereas chips from plastic containers
used to store raw materials do not have any metal signatures. Raman
spectroscopy, which provides a unique fingerprint for each type of
plastic, can then be employed to determine the exact origin of the
foreign particle by comparing it to a potential source.

Discolored solutions

In manufacturing processes, a discolored solution is often related
to corrosion or leeching from process components, leakage from
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Figure 1: XRF spectra of the raw materials (black) and the foreign particles (red).
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instruments such as pH meters, or grease. Two case studies will be
considered here, involving: (1) blue solutions found in Ar gas lines and
(2) a discolored chromatography resin.

Blue solutions (Figure 2) were observed during routine cleaning of
two different Ar gas supply lines. Although the solution did not enter
the process, it warranted further investigation. Initial speculations
suggested the presence of cibacron blue dye, which is often used with
proteins and enzymes. A quick (~1 min) EDXRF measurement of the
dark blue solution revealed large concentrations of Cu (~4300 ppm) and
Zn (~30 ppm) while the lighter blue solution contained half as much
Cu and Zn; neither component is natively found in the dye. Further
analysis of the discolored solutions via Raman and NMR also showed
no evidence of cibacron blue. However, the NMR analysis revealed the
presence of acetic acid, which is used in the washing of purification
columns. Since many of the overlay lines use copper piping, the acetic
acid likely formed copper(II) acetate (Cu,(CH,CO,),(H,0),), which
has an intense blue color [11]. With a straightforward and rapid EDXRF
measurement that required little sample preparation, the metal content
of the solution was obtained and helped lead to a quick resolution of
the investigation.

In a different investigation, the discoloration of resins used
in chromatography columns for protein purification was studied.
Chromatography resins are typically made of small polymer beads or
silica gel. They are often expensive and can take a considerable amount
of time and effort to pack into glass or stainless steel columns for use
in manufacturing. Hence, resins are cycled (i.e., re-used) for processing
multiple batches of drug product and are constantly monitored for
process suitability [12]. Understanding the cause of the discoloration
and devising prevention methods may reduce leaching of contaminates
and prolong the life of the packed chromatography resin.

Figure 3a shows a test tube containing virgin resin, which is white
in color. Underneath the test tube in this image is a chromatography
resin column after multiple cell culture media-buffer cycles, whose
discoloration increased with each cycle. Based on the color, the resin
material was removed from the column in five fractions and placed
into EDXRF sample cups. The resin near the very top of the column
appeared slightly discolored; the next fraction had the deepest orange/
yellow discoloration and each subsequent fraction became progressively
less discolored. EDXRF of the fractions revealed that Fe correlated with
the intensity of the discoloration (Figure 3b).
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Figure 2: XRF spectrum of dark blue solution (blue line) compared to a

reference of ultrapure water (black line). The inset is an image of the blue
solutions extracted from two different Ar gas lines used to supply a gas overlay.
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Figure 3: ‘a’ shows an image of virgin resin compared to a used chromatography
resin column, which discolored after multiple cell culture media-buffer cycles.
The dashed lines separate the resin into five fractions (F1-F5) which were
extracted and measured via EDXRF. The Fe levels for each fraction are shown
and compared with the virgin resin in ‘b’. To assess different resin cleaning
strategies, the resin from three columns were compared: the used resin
without a cleaning treatment, and resin from columns with cleaning strategies
S1or S2 (‘c’). The bar plot colors correspond to amount of resin discoloration.

Once the cause of the discoloration was determined, several
cleaning strategies using various chelating agents and wash cycles
were assessed. Again, the resin was removed from the columns and
measured via EDXRF. Although both cleaning strategies S1 and S2
removed much of the Fe, S2 was significantly better, i.e., near the limit
of detection (Figure 3c). Again the EDXRF was very useful toward a
rapid resolution of the issue, especially compared to traditional metal
analysis techniques which would have required digestion or liquid
extraction of the resin beads.

Process development

An alternative use of the EDXRF spectrometer has been to assist
with process development. Two very different examples will be given
here: one assists in the development of new cell culture media and
another looks at cleaning strategies related to pipe rouging.

Optimization of cell culture media is crucial to increasing
productivity, not only for the cells but also with regards to feeding
strategies, whereby more concentrated media translates to fewer
feedings [13]. Figure 4 shows images of precipitates encountered
during media formulation development. In each case, the EDXRF was
used to determine the metal content of the precipitates. The sludge-like
material at the bottom of the feed bag in Figure 4a was found to contain
large levels of sulfur likely associated with one of the sulfur additives.
The rock-like precipitate in Figure 4b, which clogged a sampling port
used to monitor the cell culture process, contained large levels of Cl
likely associated with some form of salt. EDXRF coupled with NMR
measurements of the precipitate formed by cycling feed through the
tubing, shown in Figure 4c, contained low levels of metals but a large
concentration of one of the amino acids. In contrast, the precipitate
shown in Figure 4d was a concentrated form of all the metals contained
in the cell culture media. It was found in one of the lines used for
off-gassing during the cell culture process. This sample most likely
formed due to aerosols entering the off-gas lines, condensing and then
solidifying into a pasty material. By assessing the major inorganic and
organic components of the precipitates, the cause for nucleation and
thus precipitation can often be deduced and corrected in the media
formulation, thus improving process understanding.
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The use of the EDXRF has also assisted with detecting rouging
and characterizing pipe passivation procedures. Rouging in
biopharmaceutical applications is the formation of reddish-brown
residue in stainless steel pipes or tanks, caused by corrosion of the metal
surface due to exposure to liquids [14]. The residue is typically high in
iron content due to the composition of the stainless steel. Passivation is
a technique which coats the stainless steel surface to mitigate corrosion.
To help quantify rouging, the EDXRF was used to measure metal levels
found on sterile swabs taken from the ports of the pipes before and after
passivation. The photographs in Figure 5 are of four swabs collected
pre- and post-passivation at two different locations. The impact of
passivation on rouging is clearly evident by the color saturation on the
swabs sampled before and after passivation. Site 1 is more intense than
Site 2, but the impact is apparent at both locations. EDXRF spectra of
the swabs were then used to provide a more quantitative analysis of

Figure 4: Precipitates formed during media development: (a) material found
at the bottom of a feed bag, (b) material blocking the sampling port used to
monitor the cell culture process, (c) material attached to the tubing walls after
continuous feed cycling, and (d) material which solidified in the cell culture off
gassing lines.
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Figure 5: Plot of Fe levels before and after passivation for two different
stainless steel ports as measured from sterile swabs. The images above the
plot are the corresponding swabs measured, where the blue arrows point to
the regions of discoloration.

metal content on the swabs. Since iron was the most abundant element,
it was selected as the target element to control. The results for pre- and
post-passivation of Fe content are shown in Figure 5. Iron content on
swabs was reduced upon passivation at both sites although the decrease
at Site 2 was less dramatic. This example illustrates how the EDXRF can
be used to rapidly detect Fe levels from swabs and hence assist visual
inspection when monitoring rouging and ensuring proper passivation.

EDXRF is an effective qualitative tool to quickly assess metal
composition, but unlike ICP-MS, which requires internal standards,
EDXRF requires external calibration standards to quantify
concentrations. Two complications arise for accurate quantitation.
First, the samples should fill the entire 10 mm X 7 mm excitation
window. Second, the calibration standards should have a similar
composition to the samples being measured. That is, materials with
different densities, compositions, and structures will influence the
absorption, emission and reflection properties of the x-rays. Hence,
an accurate concentration is difficult to achieve for small foreign
particulates with odd shapes, but relative comparison between swabs
tips, for example, is attainable. In short, the EDXRF is well suited as a
first-pass diagnostic tool to help focus investigations.

Conclusion

The portable EDXRF spectrometer has proven to be a very
powerful diagnostic tool for a variety of different biopharmaceutical
forensic applications. For the majority of the case studies presented
here, involving particulates, discolored solutions and resins, a 1-5
minute scan was sufficient to determine the composition of metals
ranging from sulfur to strontium. Not only are the EDXRF spectra
informative, but the spectrometer is also easy to use and transport.
Since the EDXRF spectrometer can measure any solid or liquid
material, the metal content of small particles, resins, solutions, or even
odd shapes such as swabs are easily acquired by placing the sample as-is
into an XRF sample cup. The main limitations of the EDXRF compared
to other metal analysis methods such as ICP-MS are higher limits of
detection (ppm) and the need for reference standards of the same
matrix for quantitative concentrations. However, given that a number
of issues relate to samples that cannot be digested and contain high
metal concentrations, a tool such as EDXREF is ideal. EDXRF allows
for rapid, qualitative metal analysis that is highly valuable in resolving
biopharmaceutical forensic investigations.
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