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Spectroscopic and Spectrometric
Approaches for Assessing the Composition
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Abstract

Many medical devices contain metals that interface with the body. Additionally, embedded metal fragments from military

wounds are typically not removed, to avoid the risk of morbidity associated with invasive surgery. The long-term health

consequences of many of these materials are not thoroughly understood. To this end, we have exposed rats for up to one

year to implanted single-element metal pellets of any one of Al, Co, Cu, Fe, Ni, Pb, Ta, or W. Various tissues were

harvested and flash frozen for analysis of their metal distribution. We discuss approaches to most thoroughly and reliably

evaluate the distribution of metal in these tissues. The path to the most appropriate analytical technique took us through

extensive examination of the tissues using scanning electron microscopy with energy dispersive X-ray spectroscopy (XPS),

X-ray photoelectron spectroscopy (XPS), and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).

Though any one of these methods is highly relied upon in surface chemistry analysis, LA-ICP-MS alone showed presence of

metal in the tissue. This information will help build robust methods to bridge the gap in our understanding of biosolubility

and distribution of embedded metal throughout the body.

Keywords

Trace metal analysis, scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), X-ray photoelectron

spectroscopy (XPS), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), leached metal

Date received: 25 August 2020; accepted: 4 November 2020

Introduction

Countless individuals are exposed to implanted metals. The

exposure can be due to a procedure such as the implant-

ation or insertion of a medical device or the result of unin-

tentional exposure from shrapnel fragments for personnel

on military duty. The list of metals involved in devices and

military materials has grown in the last century to include a

large diversity of elements, the long-term health effects of

which are not thoroughly understood.1

After initial fragment removal, wound debridement,

and traumatic injury healing, retained shrapnel fragments are

typically not surgically removed from military personnel and

civilians injured in conflict situations or traumatic accidents.1

Unless the material causes pain or other harm such as tissue

erosion, toxicity, or sepsis, the surgery often is not worth

the risk.2 Embedded fragments can be diffusely dispersed and

difficult to find during surgery.2 This population is under-

standably exposed to an expansive group of metals, some

potentially harmful. Several metals involved in military

wounds are also found in medical devices.
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There are many recorded instances of metals becoming

solubilized from implanted devices, though the effect of

metal ion interaction with the biological environment is

not well characterized. For instance, Ni solubilized from

devices containing Nitinol, a Ni–Ti alloy with particularly

useful properties, has been reported.3–5

While there is no clear definition of solubility in the case

of embedded metals, many metal solids will release metal

ions as a result of interaction with interstitial fluids or the

action of tissue macrophages. This process can occur as

soon as within 24-h post-implantation, but most embedded

metals do not become completely solubilized. The extent

of solubilization, kinetics, and resulting bio-distribution

depends on several factors, including tissue type, metal

composition, inflammation response, and physical attributes

of the material.6–9

Mapping the distribution of metals present in the bio-

logical environment after exposure to a metal-containing

device or material generally involves analysis by spectro-

scopic and spectrometric methods including but not limited

to inductively coupled plasma mass spectrometry (ICP-MS),

scanning electron microscopy with energy dispersive X-ray

spectroscopy (SEM-EDS), and possibly X-ray photoelectron

spectroscopy (XPS).10,11 While it is understood that these

techniques differ in their sensitivity and the information that

they can yield, it is not obvious which is most appropriate

for tissue samples containing solubilized metal. Any of these

techniques may seem to be suitable for samples such as

these, but the absence of a metal signal can be misleading

and should not be trusted implicitly, though all of these

techniques are sufficiently user-friendly as to inspire the

utmost confidence in most cases.

Here, we discuss approaches to developing methods for

analyzing the distribution of solubilized metals in tissue

samples, specifically focused on samples that we have gen-

erated in our facilities. Our goal is to share an account of

tool selection for the analysis of ionic metal in biological

tissues. Such specimens were made by bilaterally implanting

the gastrocnemius muscles of male rats with single-elemen-

tal pellets composed of one of either aluminum (Al), cobalt

(Co), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), tantalum

(Ta), or tungsten (W) for periods of 1, 3, 6, or 12 months.

These materials are of interest because of their relevance

to metals involved in military and medical device applica-

tions, but do not represent specific compositions or speci-

fications of materials known to be used in medical devices.

The gastrocnemius, liver, kidney, spleen, and testes were

harvested and flash frozen for trace metal analysis. Frozen

gastrocnemius tissues were then sectioned and their elem-

ental composition spatially mapped using SEM-EDS, XPS,

and laser ablation (LA)-ICP-MS. We began the methods

development by initially using gastrocnemius tissue because

of its proximity to the implanted pellets, which presumably

would lead to the greatest concentration of metal, if it were

to become solubilized. Previous studies suggest that this

would be the case.12–14 The results of these analyses will

help inform our approach to evaluating the presence of

solubilized metal in tissues and may be beneficial for our

management of embedded metal in the biological environ-

ment. In this text, we discuss optimization of methods

associated with this analysis.

Preparation of Rat Tissues

Metals

The metals used for implantation were in the form of pel-

lets, cylindrical in shape with a diameter of 1 mm and a

length of 2 mm. Pellets and wire to manufacture pellets to

size were obtained from Alfa Aesar (Ward Hill, MA, USA).

Before implantation surgery, all pellets were cleaned and

chemically sterilized as previously described.15 Briefly, pel-

lets were sonicated in 100% ethanol, rinsed with a volume

fraction of 70% ethanol, washed in a volume fraction of 50%

nitric acid, rinsed with sterile water, rinsed with a volume

fraction of 70% ethanol, and allowed to air dry. Pellets were

then placed in sterile vials, weighed, submerged in a volume

fraction of 70% ethanol and rinsed with sterile saline imme-

diately prior to implantation.

Rodents

Sprague Dawley rats (male, approximately four weeks old)

were obtained from Envigo (Frederick, MD, USA) and main-

tained in an Association for Assessment and Accreditation

of Laboratory Animal Care International (AAALAC)-accre-

dited facility in accordance with the Guide for the Care and

Use of Laboratory Animals. All procedures were approved

by the Armed Forces Radiobiology Research Institute

(AFRRI) Animal Care and Use Committee prior to initi-

ation under protocol P-2016-05-006. Upon arrival, rats

were pair-housed in plastic microisolator cages with hard-

wood chips for bedding with food and water provided ad

libitum before being randomly assigned to an experimental

group. Animals were on a 12-h light/dark cycle with no

twilight.

Metal Implantation

The implantation procedures have been previously

described.9,16 Briefly, all rats were implanted at nine

weeks of age with a total of four pellets, evenly split

between each hind leg. Experimental groups included Al,

Co, Cu, Fe, Ni, Pb, Ta, and W; n¼ 8 rats per metal and

time-from-implant group. Tantalum was used as an implant-

ation control because it is considered inert and has been

used in human prostheses.13,15,17–20 For pellet implantation,

anesthesia was induced by continuous administration of

isoflurane using an open circuit system with a scavenger/

recapture system. All surgery was done using aseptic
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techniques. After the surgical sites were clipped and

cleansed with upbetadine, an incision was made through

the skin to expose the gastrocnemius muscle. Pellets

were implanted in the muscle, spread approximately

1.5 mm apart on the lateral side of each leg. The incision

was closed with surgical adhesive (Vetbond, 3M Corp., St.

Paul, MN, USA). Rats were closely monitored after surgery

until they were ambulatory. A prophylactic dose of anal-

gesic (buprenorphine hydrochloride, Reckitt and Colman,

Hull, UK) was administered preoperatively and then as

needed postoperatively. At 1, 3, 6, and 12 months post-

implantation or when moribund, rats were humanely eutha-

nized by exsanguination under deep isoflurane-induced

anesthesia and tissues collected. Tissues were immediately

snap-frozen in liquid nitrogen prior to storage at �80�C.

See section a of Supplemental Material for a schematic

showing the preparation of rat tissues.

Preparation of Samples for Analysis

Cryosectioning

Flash frozen gastrocnemius muscle was cryosectioned and

used for spectroscopic and spectrometric analysis. The

tissue, in most cases, contained one implanted metal

pellet, the location of which was not obvious upon visual

inspection of the sample exterior. Optimal cutting tempera-

ture (OCT) compound (Tissue-Plus, Fisher Healthcare,

Waltham, Massachusetts, USA) was used to embed the

frozen tissue for sectioning. A small quantity of the compound

was used to completely coat the bottom of a disposable plas-

tic base mold (Fisher, Waltham, MA, USA) of dimensions

2.4 cm� 2.4 cm� 0.5 cm. The tissue was pressed into the

liquid OCT in such a way as to prevent air bubbles from

being trapped. The orientation of the tissue grain was noted

and used to inform the sample positioning during later sec-

tioning. OCTwas then applied around the remaining exposed

tissue to cover its surface. The filled mold was placed on dry

ice for at least 10 min to allow the OCT to solidify. The frozen

block was removed from its plastic base mold and adhered to

a cryostat chuck using an additional layer of OCT. The sample

was oriented so that the side of the embedded tissue previ-

ously in contact with the bottom of the mold was now facing

away from the chuck. This assembly was solidified in the cryo-

stat at �20�C for approximately 5 min.

Cryosections were cut using Leica (Buffalo Grove, IL,

USA) or Thermo (Waltham, MA, USA) instruments, for

which polytetrafluoroethylene (PTFE)-coated low or

high profile microtome blades, respectively, were used.

Low profile blades were of dimensions

83 mm� 8 mm� 0.25 mm (L�W�T) and high profile

blades were 77 mm� 14 mm� 0.25 mm (Ted Pella,

Redding, CA, USA). Instrument choice was based on avail-

ability. In both cases, crysostat chambers were maintained

at �20�C. Samples were faced, or sectioned in thick slices,

until a portion of the embedded tissue was exposed.

Several sections, 5 mm in thickness, were set aside for ana-

lysis, chosen for being visually remarkable or their proxim-

ity to the implantation site. Cross-sections of the

implantation site were of high interest because these

were the regions where solubilized metal was presumably

most likely to be detected. In this case, tissue was sectioned

until the pellet became visible, and an exceptionally thin

covering of tissue remained over the metal. With the

sample mounted in the cryostat and the flywheel locked,

the metal pellet was gently dissected out of the tissue using

a scalpel. Several sections could then be taken through the

implantation site. While sectioning through tissue contain-

ing a Pb pellet, the blade nicked an edge of the implant and a

small fragment of the soft metal was retained in the section.

Samples of interest, sections 5 mm to 10 mm in thickness,

were collected by pressing a room-temperature substrate

onto the sample as it sat on the cutting stage of the cryo-

stat. No adhesive was necessary to secure the sectioned

tissues to any substrate, as no peeling was observed at any

point during storage or later analysis. Alternatively, several

sections were made in which the pellet was purposefully

left at the surface of the section. For these samples, the

tissue was sectioned until the pellet was visible or covered

by a thin layer of tissue. The sections with retained metal

were then dried in a desiccation chamber containing

Drierite and adhered to a carbon planchet using carbon

tape at the time of analysis using SEM-EDS.

Though many tissues (gastrocnemius, liver, kidney,

spleen, and testes) were generated from numerous animals

(n¼ 8 per time point, per metal), we analyzed gastrocne-

mius sections from one rat per metal in one month and 12

month time groups to understand the practical feasibility of

detecting trace metal content in sections such as these.

Sample Substrates

Highly polished carbon (C) planchets 25.4 mm in diameter

and 1.5 mm thick (TedPella) were used to collect sections

for SEM-EDS and LA-ICP-MS analysis. Cleaned Si wafers

with 100 nm-thick SiO2 layer (Silicon Valley

Microelectronics, Santa Clara, CA, USA) were used as sub-

strates for tissue to be analyzed using XPS. For cleaning, the

wafers were sonicated in a bath sonicator for 30 min each

in acetone, methanol, and toluene, with air drying between

solvent changes.

Analytical Instrumentation

For SEM-EDS analysis, a Jeol 6390LV SEM with a N2(L)-

cooled 6733 A-1NUS-SN EDS detector was used (JEOL

USA Inc., Peabody, MA, USA). A Kratos AXIS Ultra DLD

XPS (Kratos Analytical, Manchester, United Kingdom) was

used for XPS analysis. A NWR 193 e ArF excimer-based

laser system (Portland, OR, USA) and ICAPq (Thermo

Smith et al. 663



Electron, West Palm Beach, Florida, USA) were used for

LA-ICP-MS. Specimens and instrument parameters are dis-

cussed in the following sections.

Discussion of Select Spectrometric and
Spectroscopic Methods for Evaluating
Metal Distribution in Gastrocnemius
Sections

This discussion of methods for trace metal analysis in the

tissues described above focuses on sections of gastrocne-

mius muscle at or near the site of metal pellet implantation.

We began with these tissues because of the likelihood that

they would contain solubilized metal, given their proximity

to the implants.

Our discussion of the following methods looks to

numerical and analytical expressions associated with their

limits of detection, which give us an idea of the parameters

that factor into this quantity. One of the questions that we

immediately tend to ask when considering which instru-

mentation to use is the limit of detection, but it is not a

simple answer. Additionally, these expressions are helpful

for answering questions about what each of the techniques

can give us, in terms of whether the techniques yield infor-

mation about the bulk or surface, the dependence of sen-

sitivity on the angle of the incident radiation, the order of

magnitude of the sensitivity, and so on.

SEM-EDS

The objective of our methods development was to create

spatial maps of the distribution of metals in tissues from

animals that had been exposed to single-element metal pel-

lets (one of either Al, Co, Cu, Fe, Ni, Pb, Ta, or W) for up

to 12 months. Our initial approach to meeting this goal was

to analyze gastrocnemius tissue sections exposed to the

metals for 1 month and 12 months, using SEM-EDS. This

decision was influenced by past experience and the practi-

cality of this analytical system. In prior work, SEM-EDS

proved to be a rapid, nondestructive, and user-friendly

method of detecting metal fragments in tissue samples.

This technique is capable of identifying all elements, with

the exception of H, He, and Li, present in a sample over a

variable area, making it quite versatile for mapping elemen-

tal composition.21–23 Thus, in designing an effective

approach to detecting solubilized metals in tissue, we

expected that EDS would be important to explore.

During analysis, an incident beam of primary electrons is

focused on the sample surface. When the incident elec-

trons interact with the atoms of the sample, inner shell

electrons are ejected from the sample, creating an electron

hole. As the hole is filled in by an electron from a higher

energy shell, the difference in energy is emitted in the form

of X-rays. The energy of the characteristic X-ray is

particular to the atom of origin and can therefore be

used to identify the corresponding atomic species.24,25

Characteristic X-rays are collected in the detector and

the computer expresses the data in counts with respect

to X-ray energy in eV.

SEM-EDS is capable of yielding quantitative information

about the concentration of elements present in a sample to

a limit of detection as low as hundreds of mg/kg, given

proper standards, enough X-ray counts, samples that are

conductive, homogenous, and mechanically polished,

among other factors.26–28 Typically, with samples and

experimental conditions that are less than ideal, SEM-EDS

can be used to identify elements in concentrations of at

least approximately 1000 mg/kg.29,30 The following expres-

sion can be used to estimate the minimum mass fraction of

an element in a sample that can be determined using this

technique

Cmmf ¼
3B0:5

P � B
Cs ð1Þ

where Cmmf is the minimum mass fraction of the element in

question, B is the integrated background associated with

the peak, P is the integrated intensity of the peak above

the background, and Cs is the concentration of the same

element in a measured standard under the same instrument

settings.27 Peak fitting can be used to obtain values for P and

B. Similarly, the concentration detection limit, or analytical

sensitivity was described by Ziebold as the ability to distin-

guish components that are similar in characteristic X-ray

energies, to a given percentage of confidence, discussed in

the referenced text.31

In our study, sections of rat gastrocnemius muscle 5 mm

to 10 mm in thickness, mounted on C planchets were

analyzed using a JEOL 6390LV SEM with N2(L)-cooled

6733 A-1NUS-SN EDS detector. We began by evaluating

the elemental composition of gastrocnemius sections

from one rat per metal involved in the study, for one

month and 12 month time points. Most of the sections

contained tissue immediately surrounding the implantation

site of the dissected pellet. In order to increase the chances

of detecting solubilized metals as a positive control for

optimizing detection techniques, we selected tissue sec-

tions immediately surrounding the implantation site of the

dissected pellet. In a few gastrocnemius sections, no metal

pellet was found. A small collection of sections was pre-

pared, in which the metal pellet or pellet fragments were

retained within the tissue for analysis. Several samples were

sputter coated with 5 nm to 10 nm Au prior to analysis

(EMS150T S, Electron Microscopy Sciences, Hatfield, PA,

USA), but many were left uncoated. It is possible for the

Au coating, thin as it was, to interfere with elemental ana-

lysis, especially if the material of interest is in low enough

concentration to be on the edge of detectability.32 An

acceleration voltage of 20 kV was used during investigation
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of the tissues. Elements present according to SEM-EDS

were mapped in the tissue samples at a magnification of

65�, an area of approximately 1.75 mm� 1.5 mm.

Several operating parameters were optimized, based on

settings that resulted in a dead time between 30% and 50%,

summarized in Table I. Optimal dead time results in super-

ior resolution of peaks on the X-ray spectrum, where too

low of dead time leads to insufficient peak detection and

too high of dead time leads to coincident peaks.27,33 The

parameters in Table I were used for all samples. Note that

the optimal working distance of 12 mm is specific to the

JEOL 6390LV and EDS software.

Perhaps the most helpful results were obtained using the

specimens which retained a pellet or fragments. An example

of this can be seen in Fig. 1, which shows a section of gastro-

cnemius tissue from a rat that had been implanted with Pb

pellets for 12 months. In this case, the embedded metal

appeared to be present throughout the entire area analyzed

(Fig. 1a). That is, solubilized metal appeared to be present in

the sample when the metal fragment was exposed to the

electron beam. Analysis of the same tissue area, moved

slightly so that the implanted metal was no longer in the

frame of analysis, showed that the metal was absent through-

out (Fig. 1b). The same tissue that had in one instance

appeared to contain solubilized metal ceased to yield this

result when the fragment or pellet did not interact with

the beam. As this set of observations implies, no metal

was found in any of the tissue sections, coated or not, for

gastrocnemius muscle sections not containing metal frag-

ments, exposed for one month and 12 months to the

panel of implanted metals (Supplemental Material, b).

The apparent presence or absence of solubilized

metal in the tissues of the specimens, such as that shown

in Fig. 1, results from an artifact of analysis. Incident elec-

trons interact with some volume of the sample known as the

interaction volume, which depends on the acceleration volt-

age, atomic numbers of the elements in the sample, and angle

of incidence of the electron beam. The diameter associated

with this interaction volume can be quite large compared to

that of the primary electron beam.34–37 Characteristic X-

rays generated from the interaction between incident

electrons and the sample pass through areas distant to the

primary electron beam and are collected at the EDS detec-

tor. The energy of characteristic X-rays associated with a

given element is correlated to position of the sample but this

Figure 1. (a) SEM image and, below, the relative intensity map of

a gastrocnemius section containing a Pb fragment from a rat that

had been implanted with Pb pellets for 12 months. The black

background represents a relative intensity of 0% Pb in the mapped

tissue. Interestingly, analysis using SEM-EDS mapping showed the

presence of Pb both at the site of the pellet and in the surrounding

tissue. The relative intensities of Pb L and M lines of the X-ray

photoelectron energies are shown in blue in the map below the

SEM image. (b) The frame of this image is immediately adjacent to

a fragment, visible in a as the lighter triangular region. Without the

Pb fragment in the frame of analysis, SEM-EDS mapping was unable

to detect the presence of Pb in the tissue. The X indicates the

same spot on SEM images shown in a and b.

Table I. Parameters used during SEM-EDS analysis of rat

gastrocnemius muscle sections exposed to metal pellets for up to

12 months using the JEOL 6390LV.

Option Value

Working distance 12 mm

Frame time 50 s

Acquisition time 500 s

Ident sensitivity 1

Chi square cutoff 1

Pulse processor rate con stant 5

Smith et al. 665



phenomenon causes, in the case of the Pb from Fig. 1, the

apparent detection of metal in the tissues only when the

metal fragment is present in the analytical frame.38 The inter-

action volume can be estimated using the Kanaya-Okayama

range equation

RK�OðnmÞ ¼ 27:6
A

Z0:89r

� �
E1:67

0 ð2Þ

where A the is atomic weight (g/mol), Z is the atomic

number, r is the density (g cm�3), and E0 is the energy of

the incident electron beam (eV). This expression takes into

account elastic and inelastic scattering, and represents 95%

or more of the trajectories that result from electron inter-

action with the sample.39 One could imagine keeping these

factors in mind while attempting to increase resolution, but

keeping acceleration voltage high enough so as to detect a

given analyte.

The diameter of the pear-shaped interaction volume that

extends into the bulk of the material can be on the order of

microns.34 The size scale in Fig. 1 indicates that the low spatial

resolution that results from interaction volume may be

responsible for part of the apparent presence of Pb visible in

part a. In the case of Fig. 1a, Pb was verifiably present in the Pb

fragment. It is possible that noise in other regions of the tissue

with the same X-ray energy as that of characteristic peaks of

Pb were erroneously identified as such. While the same back-

ground is present in Fig. 1b, the software did not assign this

noise to Pb when the fragment was absent from the analytical

frame, perhaps because the statistical algorithm of automatic

identification found either nothing or another element to be a

more sure match. The analysis in Fig. 1b identified S throughout

the sample. The K� peak of S is at 2307 eV, close to the Pb M�
peak at 2432 eV, the difference between which is likely

approaching the resolution of the SEM-EDS.40

Without this understanding, we may have easily

accepted the absence of solubilized metal at the implant-

ation site of other samples that did not contain the pellet or

fragments (Supplemental Material, b). This difference in

apparent solubilized metal content points to the marked

difference of tissue samples containing ionic versus frag-

ments or larger retained metal. These types of samples

cannot be considered to be interchangeable, with respect

to their analysis with SEM-EDS.

SEM-EDS is undoubtedly a useful tool for identification of

elemental species in metal fragments and similar heterogenous

regions of material. Though it is possible to reduce the effect

that interaction volume has on the resolution of the mapped

area or to correct for software mistakes, the observations

presented here are worth noting because the presence or

absence of metal in these tissues may be misleading and

should therefore be taken with abundant caution. Especially

with a versatile and user-friendly technique such as SEM-EDS,

it may be tempting to implicitly trust the results.41

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy can yield quantitative

chemical information beyond what SEM-EDS can offer, in

that it reveals not only elemental identity but also details of

chemical bonding, oxidation state, and surface density of

these chemical species.42–45 XPS can be used for the ana-

lysis of elements other than H and He. During measure-

ment, a sample under ultra-high vacuum is bombarded with

monochromatic X-rays with a given energy, hn. If the

energy of the incident radiation is higher than the work

function of the sample material, then electrons are liberated

from the atomic inner shells of the sample material. These

emitted photoelectrons have kinetic energy equal to the

difference between hn and the electron binding energy,

which has information that is unique to the sample chem-

istry and can therefore be used for its characterization.45–47

The emitted photoelectrons are collected by an electron

spectrometer, which measures the kinetic energy of the

electrons, and data are typically expressed as counts per

second with respect to binding energy (eV).

X-ray photoelectron spectroscopy is heavily relied upon

and widely used for quantitative surface chemistry analysis.47

Surface sensitivity can be understood by considering the

definitions of four terms.48 These are the inelastic mean

free path (IMFP), mean escape depth (MED), effective

attenuation length (EAL), and information depth (ID).

Additionally, relative sensitivity factors (RSFs) must be con-

sidered for quantitative analysis.49,50 This information is also

valid Auger-electron spectroscopy (AES) because Auger

electrons are generated in the process of XPS analysis.

The IMFP is the mean distance traveled by an electron

between inelastic collisions. Extensive work has been done

to calculate the IMFP for a variety of elements and com-

pounds.51–56 This value, represented below by �, is typically

on the order of tens of Angstroms, increasing as a function of

electron energy. Numerical values necessary for its calcula-

tion can be found in the referenced literature.48,57 For elec-

tron energies between 50 eV and 2� 106 eV, the following

relativistic modified Bethe equation, known as the relativistic

TPP-2 M equation (3) can be used to estimate the IMFP

g ¼
aðTÞ=T

E2
pfbr½lnðgr�ðTÞTÞ� � lnð1� b2

Þ � b2
� � ðCr=TÞ þ ðDr=T2Þ�g

ð3Þ

aðTÞ=T ¼
mev

2

2
ð3aÞ

aðTÞ ¼
1þ ðT=2mec

2Þ

½1þ ðT=mec2Þ�
2

ð3bÞ

where T is the kinetic energy, between 50 eV and

2� 106 eV, of the incident electron, with respect to the

Fermi energy. b¼ v/c, where v is the electron velocity and

c is the speed of light.56 Ep is the free electron plasmon

666 Applied Spectroscopy 75(6)



energy and me is the electron rest mass.48,56,57 The

terms br, Cr,Dr, and gr are similar to those used for the

non-relativistic IMFP calculation described in earlier litera-

ture and can be derived by fitting to the following

equation52,56

gðsÞ ¼
aðTÞ=T

E2
pfbr½lnðgraðTÞTÞ� � ðCr=TÞ þ ðDr=T2Þ�g

ð4Þ

The MED is the surface-normal mean depth from which

radiation is emitted, defined as follows

D ¼

Z 1
0

zfðz, mÞ dz=

Z 1
0

fðz, mÞdz ð5Þ

where z is the depth with respect to the surface of the

material, m is the photoelectron emission angle from sample

surface normal, and fðz, mÞ is the depth distribution func-

tion (DDF) of emission.48,58 DDF describes the probability

that emitted radiation of a given state and direction came

from a given depth with respect to sample surface normal.

This information can be expressed in the following manner

fðz,mÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� c�
p �

as

get

L

L� mget

� �� �
exp �

z

mget

� �

þ
as

L� mget

exp �
z

L

� �

ð6Þ

as ¼
m1g2

etc
�

2ð1� c�ÞL
ð6aÞ

where L, the diffusion length, equal to get/v, is the root of v/

c*
¼ tanh�1 v. In this equation, c* is the scattering parameter

(�0.5), and get is equal to the product of IMFP (g) and

(1� c*).59 It is important that published boundary condi-

tions are satisfied in order for this function to be valid.59

Additionally, the referenced literature uses x where others,

including this text, use z.48,51,60,61

The relationship in Eq. 5 depends on sample material and

measurement settings, and takes into consideration both

elastic and inelastic scattering. The penetration depth is

typically between 50 Å and 70 Å, depending on material

properties and measurement conditions.46

The EAL is a set of terms that account for elastic scat-

tering, which generally is angle-independent under approxi-

mately 60� from surface normal.56 Additionally, EAL is not a

parameter that can be universally applied to all applications

of XPS. That is, EAL varies for different XPS applications.56

Generally, the EAL is calculated based on the average slope

of DDF or its integral, which is dependent on material,

angle, and instrument settings.62

The average practical EAL is defined in the

following manner, though other models may be

more appropriate for the given application and other

considerations

Lave1 ¼
1

n

Xn

i¼1

1

cosm
ti

ln
R1

0
fðz, mÞdz� ln

R1
ti

fðz, mÞdz
h i

ð7Þ

where Lave is EAL, ti is the overlayer film thickness, and n is

the number of thicknesses used for calculation or measure-

ment.62 Parameters are accessible from the NIST SRD 82.63

The ID is a parameter that describes the maximum

depth from which meaningful sampling data originate, with

respect to surface normal.56 This value varies depending on

material type, signal collected, and instrument settings and

can be expressed in the following manner, where P is some

percentage of surface thickness, chosen by the user, typic-

ally 90%, 95%, or 99% and S is ID56

R S

0
fðz, aÞdzR1

0
fðz,aÞdz

¼ P=100 ð8Þ

Because these four factors are dependent on the material

being analyzed, instrument parameters, and XPS application,

elemental and molecular sensitivities vary. The limit of detec-

tion of some element in a given matrix is then perhaps best

thought of in the context of the several parameters found in

the above equations, although some are not easy to know.

The RSF values are necessary for quantifying the concen-

tration of components in a sample, but depend heavily on the

characteristics of the sample and instrument.49,50 These

values vary with several parameters, including X-ray source,

analyzer transmission function, photoionization cross section,

sample homogeneity, and matrix composition.64–66 RSFs can

be obtained from instrument software libraries or databases

available from sources within the referenced literature.49 A

method of calculating the RSF for an average matrix has also

been developed.49 These considerations provide an under-

standing of the forethought for thorough analysis.

Figure 2 shows the XPS spectra for sectioned gastrocne-

mius tissue mounted on cleaned Si wafers exposed to W

metal for 1 month and 12 months. Sections were analyzed

using a Kratos AXIS Ultra DLD XPS at the National

Institute of Standards and Technology (NIST). Sections

from one rat each that had been exposed to Ni, Ta, and

W for one month and Co, Cu, Pb, Ta, and W for 12 months

were also analyzed (see Supplemental Material, c). This

selection of samples is a small subset of all of those col-

lected for this study, but it was enough to observe the

utility of XPS for identifying metal content in the gastrocne-

mius sections. Monochromated X-rays were generated

using an Al target with energy of 150 W for an acquisition

time of 723 s. A step size of 0.5 eV and dwell time of 100 ms

was used over three sweeps. The strong nitrogen signal
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indicates that XPS is detecting the biological sample. The

substrate lacks this elemental feature. As seen in Fig. 2,

signature features for the metal of interest are absent,

where one is expected to find the W 4f7/2 peak at

31.4 eV, or any characteristic feature for W in the range

of binding energies of 30 eV and 36 eV.50 This absence of

signal is also observed for the other metals of interest

shown in the Supplemental Material (Part c).

Because the depth of XPS signal detection is several to

tens of nm, it is possible that the metal may not have been

detected if it were localized at a sufficiently great depth

within the cells.67,68 Several locations were analyzed for

each sample to account for spatial differences in metal solu-

bilization. In practice, the limit of detection can be as low as

0.01 atomic % for heavy elements, such as metals, in a matrix

of light elements, such as biological material.69 The lack of

metal signal suggests that the concentration is below this

limit. We would have expected a strong XPS metal signal

near locations of metal implantation, possibly including con-

centration and binding to organic material. A reasonable

conclusion from these XPS measurements, a highly sensitive

surface analytical technique, would indicate that metal does

not become solubilized from the implanted material.

Laser Ablation Inductively Coupled Plasma Mass
Spectrometry

Laser ablation inductively coupled plasma mass spectrome-

try is a highly sensitive, reliable technique for trace metal

and isotope analysis with a typical limit of detection in the

order of ng/kg to pg/kg for many elements in a variety of

matrices.13,70–74 This technique is not as widely accessible

as SEM-EDS and perhaps XPS, but is user friendly in the

sense that sample preparation is extremely minimal.

Inductively coupled plasma mass spectrometry works by

atomizing or ionizing a sample material that has been intro-

duced into ignited Ar plasma. The particles are transported

from the plasma to the mass analyzer, ionic species are

electrostatically focused according to their mass-to-charge

(m/z) ratio.74,75 In the case of LA-ICP-MS, a high-energy

laser is used to ablate a sample, and the vaporized material

is carried using a sweep gas, typically He, directly to the

plasma, where the masses of the elements are eventually

passed to the mass analyzer.74,76 Data are typically reported

by the software in terms of counts with respect to time.

The sensitivity, or limit of detection, of any element in

ICP-MS can be calculated using the following expressions,

which follows from the slope of the calibration curve

Sv ¼
NA ar Ts Fs a b bi

A Ticp Vg nT=298 109
ð9Þ

where NA is the Avogadro’s number (mol�1), ar is the nat-

urally occurring relative abundance of the isotope of

Figure 2. (a) XPS survey scan of gastrocnemius section exposed

to W for one month. (b) XPS survey scan of gastrocnemius sec-

tion exposed to W for 12 months. In both a and b, the full range

of the survey is shown in the upper plot and the regions where W

peaks are expected are shown in the lower plot. Note the

absence of peaks associated with W. One would expect to find the

W 4f7/2 peak at 31.4 eV, or between the binding energies of 30 eV

and 36 eV.50
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interest, Ts is the temperature (K) of the sample, Fs is the

solution flow rate (mL/min), a is the efficiency of nebulizer

(¼ 1 in the case of laser ablation), and b is the efficiency of

ionization. The term bi is efficiency of ion use, which takes

into account the transport of ions from the plasma and

efficiency of mass spectrometer for ion transmission, and

requires calculation of how much the sample is diluted in

the plasma by the introduction of external gas flow, as well

as ion loss at the cones, discussed in helpful detail in the

beginning of the referenced text.76 A is the atomic weight

(amu), Ticp is the temperature (K) of the ICP source, Vg is

the flow rate (mL/min) of the nebulizer, nT/298 is the number

of moles in the analyzed sample, and 109 is a factor which

converts concentration from g/mL to m/kg.76 The depend-

ence of the calibration curve on these factors points to

many considerations that may seem trivial, but are clearly

necessary for accuracy of measurement. The sensitivity of

ICP-MS is dependent on whether the sample is injected

directly into the plasma, or introduced by nebulizing a solu-

tion. In the case of laser ablation, where the sample is dir-

ectly introduced to the plasma, the limit of detection should

be lower than if the same sample was introduced by solu-

tion nebulization.76 While this is true, the ICP-MS signal

resulting from solution samples introduced by nebulization

is averaged for a much longer period of time, reducing

relative standard deviation and eventually leading to lower

limits of detection, but several previous studies have been

able to match the sensitivity of solution and LA-ICP-

MS.77–80 For our goals, we are interested in preserving spa-

tial information, and therefore are focused on LA-ICP-MS.

LA-ICP-MS was performed at the Center for Food Safety

and Applied Nutrition (CFSAN, College Park, Maryland,

USA) with the guidance of Todor Todorov. Gastrocnemius

sections from one rat each that was exposed to Al, Co, and

W for one month and Al, Co, Cu, Pb, Ta, and W implants for

12 months were evaluated. Tissue sections mounted on C

planchets, the same as those used for SEM-EDS, were ana-

lyzed by this method. A NWR 193 e ArF excimer-based laser

system was connected to an ICAPq ICP-MS. NIST SRM 612

(Gaithersburg, Maryland, USA) was used as a standard, along

with a pressed pellet of cellulose containing 24 elements,

made in-house, to more closely approximate the consist-

ency and interaction of the rat tissue with the laser.

The section supported on a C planchet was placed in the

standard 100 mm� 100 mm chamber and He sweep gas

transported the ablated sample at a rate of 0.7 L/min to

the torch of the ICP, where it was mixed with Ar at a

rate of 0.68 L/min and N2 at 5 mL/min. The ICP-MS was

run in KED mode, using a He flow rate of 4.8 mL/min to

reduce contribution of C and other interferences to the

signal. The sensitivity of the signal was optimized such that

the ratio of Th to U was kept at 1.00� 0.05. Oxides were

maintained below 0.3%. A laser spot size of 30 mm was

used, while the laser moved across the sample at a rate

Figure 3. Heat maps in this figure represent concentration of elements in laser ablated areas of tissue that were analyzed for elemental

composition using ICP-MS. The mass spectrometer counts of the element identified in each panel are visualized according to an arbitrary

color scale. The scale is shown below parts (a) and (b), where color corresponds to counts, related to elemental concentration. In this

case, black indicates the absence of the element, and red indicates the greatest abundance of the element in these samples. Colors

represent relative intensities and are not meant to be quantitative. (a) Heat maps showing select elements detected in a gastrocnemius

section from a rat that had been implanted with Ta pellets for 12 months. The signal from the Ta is shown in the top map and P is shown

in the bottom map. Both maps show the indicated elemental composition for the same area of one tissue section. Ta near the

implantation site in the tissue resulted in many more counts than P, which was chosen as a basis of comparison because it was present in

the tissue at a constant level. (b) Heat maps showing select elements detected in a gastrocnemius section from a rat that had been

implanted with Co pellets for 12 months. The signal from the Co is shown in the top map and P is shown in the bottom map. Co was

present in the gastrocnemius muscle. No pellet was found in this sample, and so the implantation site could not be located. As in (a),

both maps show the indicated elemental composition for the same area of one tissue section.
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of 100 mm/s and fired at a frequency of 100 Hz. The laser

operates with a wavelength of 193 nm and a pulse duration

of less than 4 ns. A fluence of 2.8 mJ cm�2 was used to

ablate the sample.

Several elements were recorded during analysis, includ-

ing C (m/z¼ 13), Al (m/z¼ 27), P (m/z¼ 31), S (m/z¼ 34),

K (m/z¼ 39), Co (m/z¼ 59), Ni (m/z¼ 60), Cu (m/z¼ 65),

Zn (m/z¼ 66), Ta (m/z¼ 181), W (m/z¼ 182), Pb (m/

z¼ 209), U (m/z¼ 238). A dwell time of 50 ms was used

for C, P, S, Cu, and Zn, while a dwell time of 100 ms was

used for the remaining elements. P, S, and K were recorded

to distinguish between ablated tissue and substrate. It was

observed that the concentration of P was approximately

constant in the tissue but negligible in the substrate and

was therefore used to indicate which material was being

ablated. The C substrate and OCTused during cryosection-

ing were analyzed to investigate whether trace impurities,

those listed above, could confound results of tissue analysis

for the variety of metals involved in this study. None of

those investigated could be identified.

We were able to visualize the presence of metal in the

tissues using LA-ICP-MS, such as that shown in the heat

maps in Fig. 3 and plots of counts with respect to time in

Supplemental Materials, d. Though these results are quali-

tative evidence that the metals are found in the tissues,

further optimization can yield quantitative results.81 As dis-

cussed above, the same samples appeared to contain no

solubilized metal as a result of exposure to implanted pel-

lets, according to analysis by SEM-EDS.

It is understandable that LA-ICP-MS, as opposed to

SEM-EDS or XPS, may not be a clear first choice for analyz-

ing the distribution of solubilized metal from implanted

materials in biological tissue. This instrumentation is not

widely accessible or attainable, but for samples of this

kind, it seems that it is necessary. ICP-MS is so much

more sensitive than SEM-EDS and XPS because of the

high background signal and scattering events that can

cause information loss associated with the latter two

techniques.82,83

Conclusion

In this text, we describe our approach to mapping the dis-

tribution of solubilized metal in rat tissue that had

been exposed for up to 12 months to one of Al, Co,

Cu, Fe, Ni, Pb, Ta, or W. The purpose of this text is to

serve as an account to others doing similar work, during the

process of methods development and proper tool

selection.

Our ultimate goal following this work is to track metal

that is present in the biological environment as a result of

retained metal from military wounds or exposure from

medical devices. This information could be used to inform

our actions with respect to managing metals that are

retained or placed in the body.

Our initial choices of analytical tools were SEM-EDS

and XPS for their ease of use and availability. Tissue sam-

ples containing solubilized metal do not lend themselves to

analysis by these methods, which is not immediately appar-

ent. LA-ICP-MS is the right tool for detecting the trace

elemental composition of these specimens, which will be

used to quantitatively expand the work started here.

The difference in the chemical information that we were

able to attain from these techniques could lead us to diver-

gent conclusions about the content of metal in the biological

environment after prolonged exposure to retained metal.
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