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LC TROUBLESHOOTING
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Troubleshooting LC Separations of Biomolecules, 
Part II: Passivation and Mobile-Phase Additives
Bioinert and biocompatible liquid chromatography (LC) systems are becoming more commonplace in laboratories, but 
the majority of biomolecule separations still use LC systems composed primarily of stainless steel parts. Can passivation 
or mobile phase additives improve separations on these systems for metal-sensitive biomolecules?

Jordy J. Hsiao, Te-Wei Chu, Oscar G. Potter, Gregory O. Staples, and Dwight R. Stoll

In the March, 2020 installment of “LC 
Troubleshooting,” we started a series 

of articles on the topic of biomolecule 
separations, and discussed the use of 
biocompatible components, including 
column hardware and parts of the liquid 
chromatography (LC) flow path (1). Bioin-
ert high performance liquid chromatog-
raphy (HPLC) systems and column hard-
ware are great potential solutions for the 
analysis of biomolecules that are sensi-
tive to metal interaction. However, as a 
user, you may not have access to these 
systems, and, even if you do, it is prudent 
to anticipate separation problems that 
might arise due to different materials in 
the system. For example, a recent study 
of an iron-free HPLC system that utilized 
titanium pump heads documented the 
negative effect of leached titanium ions 
on peak shape and retention of metal-
sensitive analytes (2). Therefore, it is 
best to utilize a system suitability test 
(for example, a mixture of standards that 
contains metal-sensitive compounds) 
that not only reflects the health of the 
chromatography system, but is also rel-
evant to the molecules you are analyzing. 
Importantly, even among nominally iden-
tical HPLC systems, the overall level of 
metal interaction that a sensitive analyte 
might experience is variable, depend-
ing on the condition of the system 
components themselves. In this article, 

we discuss mitigation strategies for tra-
ditional stainless steel HPLC systems 
when bioinert versions are either unavail-
able or insufficient for the analysis of  
metal-sensitive biomolecules. 

What Can Be Done About  
Issues Related to Bioinertness? 
Stainless steel (SS) and other chromium-
based alloys are widely used materials in 
many industries, including the construc-
tion, automotive, energy, food, aerospace, 
and biomedical fields. Although SS is a 
rust-resistant alloy, passivation remains a 
critical step in maximizing the corrosion 
resistance of components and parts fab-
ricated from SS (3–5). Passivation is typi-
cally the first procedure implemented for 
improving the chromatography of metal-
sensitive biomolecules using SS-contain-
ing HPLC components. In general, the 
term passivation describes any treatment 
of a metal surface that removes prior cor-
rosion and prevents future corrosion for 
some period of time. There are different 
grades of SS, and the quality of the SS 
directly affects its resistance to corro-
sion. The two most utilized grades of 
SS are 304 and 316, with various types 
of 316 SS material utilized for different 
purposes. Grade 304 contains 18% chro-
mium and 8% nickel, while grade 316 
contains 16% chromium, 10% nickel, and 
2% molybdenum. Importantly, the inclu-

sion of the molybdenum alloy in grade 
316 SS improves its corrosion resistance 
compared to grade 304 SS, particularly 
against saline- or chloride-containing 
solutions. However, even for high qual-
ity SS, corrosion can still occur at levels 
sufficient to cause trouble for bio-separa-
tions (6–9). Passivation procedures for SS 
usually involve chemical treatment that 
removes surface rust while maintaining 
alloyed chromium. Nitric, phosphoric, or 
citric acid are the typical chemicals of 
choice for passivation procedures. Dur-
ing the passivation procedure, a pro-
tective chromium oxide (Cr2O3) layer is 
formed on the SS surface, and the iron 
at the surface is dissolved selectively 
(10). The concentration of Cr2O3 and the 
depth of the protective layer depend on 
the acid concentration, temperature, and 
duration of the passivation step (11). In 
a study that compared nitric acid, citric 
acid, and Citrisurf (a commercially avail-
able citrate-based passivation agent) 
the authors found that the content of 
iron oxide (Fe2O3) rapidly decreases in 
the protective layer within the first 2 h of 
passivation, while chromium oxide con-
tent increases (12). The American Society 
for Testing and Materials (ASTM) Inter-
national A967 standard, Standardization 
Specification for Chemical Passivation 
Treatments for Stainless Steel Parts, is an 
important industry document that speci-
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fies various passivation procedures 
for SS. Readers interested in learning 
more about SS passivation procedures 
will find this standard document to be 
a rich resource (13). 

In an initial pilot study of our own, we 
passivated an HPLC system using 0.5 
wt% phosphoric acid in acetonitrile:water 
(90:10), comparing chromatographic 
results before and after the acid wash. 
Here, peak shapes for the small mol-
ecule adenosine monophosphate (AMP) 
were symmetrical prior to passivation. 
However, for metabolites with more 
phosphate groups such as adenosine 

diphosphate (ADP) and adenosine tri-
phosphate (ATP), severely tailed peaks 
were observed prior to the acid wash. 
These peaks are all shown in the first row 
of Figure 1. After overnight flushing using 
the passivation solution, much sharper 
peaks were observed for both ADP and 
ATP. The mass spectrometry (MS) signal 
for ATP was also slightly higher follow-
ing the phosphoric acid wash. In con-
trast, the signal for AMP was reduced 
after the wash, which could be due to 
residual phosphoric acid still in the sys-
tem suppressing the ionization of AMP. 
Furthermore, the peak shapes for some 

organic acids (malate and citrate) also 
improved following the phosphoric acid 
wash (Figure 1b). However, the peak 
shapes for malate and citrate, even after 
the passivation procedure, still showed 
a lot of tailing, leaving room for further 
improvement. In this case, additional 
steps were required to mitigate interac-
tions between the analytes and metals 
in the HPLC system (14–16).

In a different study, we set out to 
examine whether SS columns could be 
passivated using the same phosphoric 
acid washing procedure. It is important 
to note that not all columns can be safely 
treated with these conditions, because 
the stationary phase may not be chemi-
cally stable at low pH (17). Please be sure 
to check the recommendations of the 
manufacturer regarding the appropriate 
mobile phase pH range for a given col-
umn. In this example, we studied the peak 
shapes of an intact monoclonal antibody 
(mAb) and cytochrome c analyzed using 
a size-exclusion column coupled to a UV 
detector. After the passivation solution 
was flowed through the bioinert HPLC 
system and SS analytical column over-
night, a sharper chromatographic mAb 
peak with reduced tailing factor (Tf) was 
observed (Figure 2a and 2b). Interest-
ingly, the use of PEEK-lined column hard-
ware loaded with the same SEC particles 
still yielded the best chromatographic 
results with the lowest Tf (Figure 2c). This 
trend becomes more apparent with cyto-
chrome c, (Figure 2d, 2e, and 2f). These 
results suggest that passivation alone 
may be insufficient and equipping the 
experimental setup with bioinert mate-
rials (for example, connecting capillaries 
and column hardware) would yield better 
results for biomolecules prone to interact 
with metal surfaces. 

When Passivation is Not Enough: 
Use Mobile-Phase Additives 
As described in the previous section, the 
principle aim of passivation procedures 
is to remove prior corrosion and prevent 
future corrosion for some period of time. 
However, passivation alone may not be 
enough to facilitate high quality biomol-
ecule separations in situations where 
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FIGURE 2: Separation of NISTmAb and cytochrome c on SEC columns in (a,d) SS, 
(b,e) passivated SS, and (c,f ) PEEK-lined column hardware. The mobile phase was 
150 mM sodium phosphate at pH 7.0. 
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FIGURE 1: Separation of (a) phosphorylated nucleotides and (b) organic acids improved 
after treatment of a conventional SS HPLC system by flushing overnight with a phos-
phoric acid solution (0.5% phosphoric acid in 90:10 acetonitrile:water) for 16 h at room 
temperature. Following the phosphoric acid treatment, the HPLC system was flushed 
with ultrapure water for 1 h to clean the system and avoid introducing phosphoric acid 
into the mass spectrometer. Gradient HILIC separation was conducted with an aqueous 
solution of 10 mM ammonium acetate adjusted to pH 9 with ammonium hydroxide in 
bottle A and acetonitrile:water (90:10) of 10 mM ammonium acetate, pH 9 in bottle B. 
Figure axes labels are Acquisition Time (min) for x-axis and Counts for y-axis.



WWW.CHROMATOGRAPHYONLINE.COM AUGUST 2020  LCGC NORTH AMERICA  VOLUME 38 NUMBER 8  433

parts of an HPLC pump leach trace 
levels of metals (for example, titanium 
or iron) into the mobile phase (2,18), 
or when the sample matrix is con-
taminated with metals. Different types 
of metal chelators (compounds that 
sequester metal atoms) have been 
used as mobile-phase additives to 
improve separation performance for 
analytes that are sensitive to the pres-
ence of metals in the analytical system. 
These metal chelators have been used 
in a variety of ways including spiking 
them directly into samples, injecting 
them into the LC system between 
sample analyses, and using them as 
mobile phase additives. When they 
are used as mobile-phase additives, 
one must consider the target ana-
lytes for each specific application and 
how the mobile-phase additive could 
potentially interfere with the analysis. 
For example, citric acid has been used 
as a mobile-phase additive to improve 
the analysis of phosphopeptides in 
reversed-phase separations (7). Eth-
ylenediaminetetraacetic acid (EDTA) 
is another well known metal chelator 
that is effective for improving the peak 
shape of metal-sensitive metabolites 
separated using normal-phase chroma-
tography (15,16) and for the separation 
of monoclonal antibodies using cation-
exchange chromatography (CEX) (19). 
More recently, medronic acid was used 
as a mobile-phase additive to improve 
the peak shape and signal for polar 
metabolites and phosphopeptides (20). 
In Figure 3, medronic acid is also shown 
to improve the peak shape of fluores-
cently labeled N-glycans separated on 
an amide HILIC column.  The later elut-
ing structures each contain two sialic 
acid groups, giving them a strong ten-
dency to interact with trace amounts of 
metal in the system.  Rather than taking 
the system offline for passivation, the 
addition of a very low concentration of 
medronic acid to the aqueous mobile 
phase resolves the problem immedi-
ately.  Furthermore, this benefit per-
sists for at least one week after return-
ing to the use of mobile phase without 
medronic acid.

Potential Pitfalls of Using  
Mobile-Phase Additives to  
Improve Biomolecule Peak Shape
Although mobile-phase additives are 
an attractive option to yield better 
bioanalytical results, a few caveats  
associated with this approach need to 
be considered. 

Ion Suppression
It has been well documented that the 
use of EDTA as a mobile phase addi-
tive is associated with ion suppression 
effects that reduce the signal of tar-
get analytes when hyphenated with 
MS detection (17,20). When using 
mobile-phase additives, the benefit 

is that the passivation of an HPLC 
system can be continuously main-
tained, but it is important to keep in 
mind that the right dose of additive 
concentration is required for opti-
mal analysis, and this must be deter-
mined empirically on a case-by-case 
basis. For example, use of medronic 
acid at high concentrations (such as, 
for instance, 10 µM) can still cause 
ion suppression, and use of medronic 
acid at low concentrations (for exam-
ple, 0.5 and 1 µM) may not yield the 
optimal chromatographic results (20).

Persistence in the HPLC System
Another important consideration is 
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FIGURE 3: Separation of glycans released from a mAb on HILIC columns: (a) Gradi-
ent HILIC separation with acetonitrile in bottle B and an aqueous solution of 50 mM 
formic acid adjusted to pH 4.5 with ammonium hydroxide in bottle A; (b) Gradient 
HILIC separation with acetonitrile in bottle B and an aqueous solution of 5 µM me-
dronic acid and 50 mM formic acid adjusted to pH 4.5 with ammonium hydroxide in 
bottle A; (c) overlaid chromatograms of the results are shown to illustrate the im-
proved peak shape for the released mAb glycans. Figure axes labels are Acquisition 
Time (min) for x-axis and Response Units for y-axis.
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whether the additive poses a risk to 
future work by slowly leaching from 
the LC system, even after switching 
to mobile phases that do not con-
tain the additive. For example, EDTA 
has been reported to be retained on 
reversed-phase columns when used 
as a mobile-phase additive for phos-
phopeptide analysis (7). Moreover, 
due to EDTA’s low solubility under 
acidic pH conditions (0.1% formic 
acid), precipitation of EDTA has been 
observed at the Ionization (ESI) nebu-
lizer needle, and can result in block-
age of analytical columns; obviously 
these are both undesirable outcomes 
for any LC method. In contrast, citric 
acid was found to be more amenable 
to prolonged use as a mobile- phase 
additive (7). 

Summary
In this installment of “LC Trouble-
shoot ing,” we have discussed 
approaches that can improve the 
analysis of biomolecules prone to 
strong interaction with metal compo-
nents in LC systems or trace metals 
present in the sample flow path. The 
two methods that we described here 
include chemical passivation and use 
of metal chelators as mobile-phase 
additives. If corrosion or rusting of an 
LC system is suspected, the system 
should be passivated. Next, if appli-
cable, mobile-phase additives could 
be used to chelate any trace metals 
leached from pump heads or other 
metal components, or metals present 
in the sample matrix. Lastly, bioinert 
instrument components and column 
hardware still represent the best 
option for preventing adsorption of 
proteins on instrument components 
and column hardware. In particular, 
the use of bioinert materials where 
the biomolecules may directly interact 
with these surfaces is recommended. 
For example, use of PEEK-lined capil-
laries between the injector and detec-
tor is recommended, as is the use of 
PEEK-lined column hardware to limit 
potential metal-interaction sites. 
Understanding the pros and cons of 

passivation approaches and mobile-
phase additives should support the 
development of effective and robust 
methods for accurate and reproduc-
ible analysis of biomolecules. 
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