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Gelatin gels as multi-element calibration
standards in LA-ICP-MS bioimaging: fabrication of
homogeneous standards and microhomogeneity
testing†

Martin Šala,* Vid S. Šelih and Johannes T. van Elteren*

Highly homogeneous multi-element gelatin calibration standards

were fabricated for quantitative LA-ICP-MS bioimaging.

Heterogeneity issues caused by the so-called “coffee-stain” and/or

“Marangoni” effects were found to be element-dependent but

could be circumvented by careful selection of drying/setting con-

ditions. A micro-homogeneity test was developed for certification

of the standards.

After the first successful attempt of analysis of a biological
sample by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS),1 this microanalytical technique has
developed rapidly and new 2D and 3D bioimaging applications
are constantly added.2–5 Recent instrumental developments of
this widely accepted solid sampling technique6 have ultimately
led to faster analysis.7,8 Because of the high spatial resolution
(as low as 1 µm for higher elemental concentrations but gener-
ally in the range of 5–20 µm) and broad dynamic range (10–11
orders of magnitude), the technique is attractive for solving
metal biochemistry.9 However, the versatility of LA-ICP-MS for
2D or 3D bioimaging is hampered by accurate and precise
quantification through factors such as sensitivity drift, elemen-
tal fractionation, matrix effects, interferences but especially
the lack of available matrix matched reference materials.10

Non-matrix matched calibration standards need to be com-
bined with single/multiple internal standard normalization to
correct for elemental fractionation caused by sensitivity drift,
matrix effects as well as the difference in ablation yield
between samples and standards. This can be achieved via an
additional layer containing the internal standard on or under
the samples and calibration standards,11,12 by aspirating a
known standard solution into the ablation cell or directly in
front of the torch, or by using no internal standard but total
consumption of a sectioned sample and calibration
standard.13

Commonly the quantification relies on in-house prepared
calibration standards as described in a recent comprehensive
review by Limbeck et al.3 In an often followed protocol by Hare
et al.14 standards are tuned to the specific tissue under study
by spiking similar homogenized tissue material with the
elements of interest followed by cryo-fixing and -sectioning.
However, this protocol is laborious, involves handling of bio-
logical material and implies that standards must be prepared
for each tissue matrix individually. Instead of using spiked
matrix-matched tissue resembling the actual matrix of the
sample under investigation as closely as possible, another
commonly accepted concept is the use of spiked media that
mimic the composition of the biological sample. For plant
tissues this implies the use of pure cellulose paper, e.g. filter
paper,15,16 although hydrocolloid gels, e.g. agarose, may be
used as well.17 For mimicking animal and proteinaceous
materials commonly a gelatin gel is chosen,18 and sometimes
the tissue of interest is mixed with a sol–gel matrix to improve
the standard’s temporal stability.19 These hydrocolloid gel
standards have a lot of advantages over the established tissue
standards, i.e. simple and fast preparation, no handling of bio-
logical material, and the number of analytes and their concen-
tration range can be easily adapted.

For the preparation of multi-element calibration standards
we have chosen a gelatin matrix because of its close resem-
blance to animal tissue and the possibility to fine-tune the
required gelatin properties from the type (A or B) and bloom
strength (50–300) of commercially available gelatins (difference
in gelatin type and blooms strengths can be seen in Fig. S1†).
The preparation described in the literature18 only works for a
limited number of elements, in particular for cations such as
Al3+, Cr3+, Fe3+, Ce3+, La3+, Pt2+, etc. that exhibit cross-linking
of gelatin structures and thus immobilize the element,20

resulting in homogeneous standards. However, these limit-
ations have not been noticed before as the focus has mostly
been on the use of gelatin as a matrix for calibration standards
containing cross-linking cations.18 We found that most other
elemental anions or cations lead to perceived matrix hetero-
geneities, either as a result of chromatographic effects upon
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drying, leading to the “coffee stain” effect (visible in the
elemental image as higher concentrations at the edges) or as a
result of a change in the surface tension gradient caused by a
concentration and/or temperature gradient upon drying
(visible from higher element concentrations in the center).
This incongruent behavior plays a critical role not only in the
lateral distribution of elements but also in the depth distri-
bution as will be shown below. Hence the customary prepa-
ration procedure needs to be modified to produce a true multi-
element gelatin calibration standard with high homogeneity.
We studied a wide range of parameters that might affect the
gel quality and the element distribution, viz. gelatin type
(A and B), bloom strength (60–300), concentration of gelatin in
(film forming) solution (1–20% m/v), acidity (0–4% v/v HNO3),
element concentration (1–50 mg kg−1) and temperature of
drying/setting of the gels (25–120 °C). The 3D spatial distri-
bution of a variety of elements in the gels was then examined
by surface and depth mapping LA-ICP-MS protocols. Detailed
fabrication and measurement conditions can be found in
the ESI.†

The crucial aspect governing the homogeneous distribution
of elements during the preparation of gelatin gels is the temp-
erature of drying/setting. This is evident from Fig. 1 in which
customary “cold” (room temperature) and optimized “hot”
(100 °C) drying/setting procedures are compared for surface
and depth distribution of As and Gd in the gels. Although
various gel drying/setting temperatures were tested (60–120 °C)
in the preparation of 20 mg kg−1 As and Gd in 10% m/v
gelatin, for clarity only the customary “cold” and optimized
“hot” conditions are shown; the lower temperatures still
yielded non-optimal distributions and higher than optimal
temperatures yielded gelatin films with surface deformations.
Fig. 1 depicts surface maps (half of a drop) and depth maps
through the center of the drop for Gd and As. It can be seen
that drying/setting at room temperature and at 100 °C yields a
homogeneous 3D distribution of Gd in the gelatin drop due to
its cross-linking properties, whereas for As the drying/setting
temperature was very critical with obvious “Marangoni” effects
noticeable at room temperature for both surface and depth
distribution but less so at elevated temperatures and practi-
cally full 3D As homogeneity was achieved at 100 °C. Other
elements show similar behavior and the homogeneity of the
standards is increasing with the temperature upon drying/

setting. It should be noted that drying/setting of the gelatin
drop needs to be performed in a mechanical convection oven
and not on a hot plate as the latter approach creates the temp-
erature and concentration gradients leading to “Marangoni”
effects because of the difference in temperature of the hot
plate and the surrounding air.

The effect of acidity on the heterogeneity of multi-element
gelatin standards was also studied since elevated acid concen-
trations may trigger gelatin degradation.20 This is demon-
strated in Fig. S2† where increasing amounts of nitric acid
were added to gelatin solutions showing that concentrations
higher than 2% v/v in the preparation phase have a negative
effect not only on the 3D element homogeneity in the gelatin
drop but also on the gelatin “film” quality visible as a non-
even surface of the film. The gelatin concentration in the start-
ing solution also plays a role in the 3D element homogeneity
in the gelatin drop as can be seen from Fig. 2. The depth maps
in Fig. 2b, associated with 15 passes on the same line through
the center of the drop, show unusual profiles due to slight
differences in thickness of the drop with the edge of the drop
in all cases several micrometers thicker. As expected the
average thickness increases as a function of the initial gelatin
concentration, from ca. 0.2 µm (at 1% m/v gelatin) to more
than 3 µm (at ≥10% m/v gelatin) in the center of the drop.

Fig. 1 Elemental distribution of As (1 and 2) and Gd (3 and 4) in gelatins,
both on the surface (a) and in depth (b) upon drying at room tempera-
ture (1 and 3) and at 100 °C (2 and 4).

Fig. 2 Distribution of As on the surface (a) and in depth along a line
through the center (b) of a dried gelatin drop standard containing
different initial contents of gelatin (1, 2, 3, 5, 10, and 15% m/v; bloom
strength 300, type A). Surface images (a) are scaled correctly in the x
and y direction (actual pixel size = 80 × 80 µm2) whereas depth images
(b) are expanded a factor 400 in the y direction (actual pixel size = 80 ×
0.2 µm2).
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This implies that the center of the lowest concentration gelatin
standard is already penetrated after the first ablation pass
whereas the two highest concentration standards are still not
penetrated after 15 passes. It is clear that lower initial gelatin
concentrations result in worse 3D element homogeneity, some-
thing that can be explained by too fast setting and drying of
“diluted” gels, triggering a chromatographic event leading to
the “coffee-stain” effect. However, initial gelatin concen-
trations higher than 15% m/v are not recommended either as
they yield standards that are too viscous to handle comfortably
and dry into films that show ripples or bubbles.

Gelatins with the most homogenous element distributions
were prepared from 10% m/v gelatin solutions at 100 °C and
were used for construction of 5- or 6-point calibration graphs;
Table S1† summarizes the calibration graph characteristics for
7 elements but from our experience most (anionic or cationic)
elements can be used for the preparation of a gelatin standard
with a homogeneous element distribution (see also Fig. S3†
for a representation in the form of elemental image maps).
In all cases the linearity of the calibration graphs expressed as
the coefficient of determination (R2) was better than 0.99.

To evaluate the microhomogeneity of the prepared gelatin
standards a series of experiments with different laser beam
sizes (round mask: 5, 8, 10, 12, 15, 20, 25, 35, 40 and 50 µm)
and Cr and As concentrations of 20 mg kg−1 was performed.
The average pixel intensity in the drop (retrieved by ImageJ
1.49 software, National Institutes of Health, Bethesda, USA) is
given by a value of A ± SDt (in counts) where the standard
deviation SDt represents the total observed noise in the image
due to (i) Poisson-distributed shot noise SDP at very low pixel
intensities, related to the square root of the pixel intensity
(√A), (ii) Flicker noise SDF that is proportional to the pixel
intensity (q·A, with q a factor between 0 and 1) and (iii)
sampling noise SDS(D) associated with the element hetero-
geneity of the gelatin standards and the sampling beam size D
(with D the diameter of the round mask or linear dimension
along the square mask):

SDt
2 ¼ SDP

2 þ SDF
2 þ SDSðDÞ2 ¼ Aþ q 2�A 2 þ SDSðDÞ2 ð1Þ

where SDS(D) changes with beam size D according to

SDSða�DÞ ¼ a�SDSðDÞ ð2Þ

implying that when beam size D increases with a factor a, the
sampling noise also increases with a factor a, thus the relative
standard deviation RSDS(a·D) becomes 100 × (a·SD)/(a2·A) =
RSDS(D)/a. The experimental standard deviation data SDt for
the respective beam sizes were fitted based on the pixel inten-
sity values A using eqn (1) and (2), yielding the unknown factor
q (and thus the Flicker noise) and the heterogeneity noise
SDS(D); the goodness of fit can be observed in Fig. S4.† Fig. 3
summarizes the findings, expressed as RSD (= SD/A) values
(in %) vs. beam size D (in µm), for both As and Cr. The homo-
geneity expressed as RSDS(D) is 2.2 and 1.4% at a beam size D
of 5 µm for Cr and As, respectively, making the gelatin stan-
dards highly microhomogeneous. Larger beam sizes “smooth”

the signal as evident from RSDS(D) values better than 0.5% at a
beam size of 50 µm. Flicker noise is associated with the abla-
tion process, plasma fluctuation, etc., yielding a constant noise
contribution RSDF(D) of 4.2 and 5.9% for Cr and As, respect-
ively. Poisson noise, related to counting statistics, becomes
significant at low pixel intensities A as encountered at low
element concentration, short acquisition time or small beam
size, the latter variable clearly showing this behavior in Fig. 3.
The protocol laid out for microhomogeneity testing is generic
in nature and may aid in homogeneity studies of various
materials using similar or other imaging techniques.

In conclusion, a procedure for the fabrication of highly
homogenous, matrix-matched microanalytical standards for
LA-ICP-MS imaging of proteinaceous samples, either of animal
or human origin, was developed. Furthermore, a novel micro-
homogeneity testing protocol showed that the standards fabri-
cated contributed only ca. 2% of the total image noise at a
pixel size of 5 µm; this protocol is generic in nature and may
also be used for testing of other standards and imaging
procedures.

Fig. 3 After fitting the experimental data for total image noise RSDt vs.
beam size D for the Cr (a) and As (b) standards (see Fig. S3†), based on
eqn (1) and (2), RSDt could be partitioned among the separate noise
contributors such as Flicker noise (RSDF), Poisson noise (RSDP) and
heterogeneity noise caused by the size of the laser ablation sampling
beam D (RSDS(D)).
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