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Abstract
A simple, colorimetric assay method has been developed for deferoxamine mesylate and a related bifunctional chelating agent, 

p-SCN-DFO. A classic back-titration is performed where an excess amount of a standardized zirconium solution is added to the 
chelating agent solution. The excess zirconium is then titrated with standard EDTA. A qualification study was undertaken to evaluate 
the integrity of the method. Accuracy, specificity, and precision were evaluated and found to be excellent. The method is traced back 
to an analytical primary standard thus avoiding the need to create and use compound-specific reference standards.
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Introduction
An assay method is a typical quality control test for both raw 

materials and products in the pharmaceutical industry. It measures 
the amount of the target substance present in a material. Tracing 
an assay test to a primary standard lends a high degree of accuracy 
to the analysis. The reason is primary standards are extremely 
pure, stable, and have no waters of hydration. Over the years the 
American Chemical Society has defined several reagents as primary 
standards. Potassium dichromate and sodium oxalate are primary 
standards for redox titrations. Tris(hydroxymethyl)amino methane 
(TRIS) and Potassium hydrogen phthalate are acid-base primary 
standards. Calcium carbonate is a primary standard for chelometric 
titrations.

 Assay tests can also be traced to established reference 
standards. The United States Pharmacopeia (USP) [1] provides 
reference standards (RS) for official articles in the USP or National 
Formulary (NF). An RS is typically specified in a monograph for 
use in the Assay test or an Identification test. An RS is considered 
100.0% pure for quantitative applications unless a calculation value 
for an adjustment is stated on the label. For example, if a specific 
HPLC purity test shows the purity of the RS is 98.1%, a multiplier of 
0.981 must be incorporated into an assay test. USP RSs are available 
for purchase for legal metrology purposes. The USP states that per 
the International Vocabulary of Metrology, they are defined as 
reference standards [2]. 

There exists a United States Pharmacopeia (USP) monograph 
for Deferoxamine Mesylate (DFO) [3]. The drug substance is used to 
treat sudden iron poisoning. It is also used to treat high levels of iron 
because of numerous blood transfusions. The USP monograph for 
DFO describes an assay test that is based on the use of a reference 
standard (Deferoxamine Mesylate RS).  There is great value when 
scientists on different sides of the world can test a product to the 
same standard. However, since RSs typically lack the chemical 
properties of a primary standard, assay tests that can be traceable 
to a primary standard are inherently superior. 

There is no USP monograph for the related bifunctional 
chelating agent, p-SCN-DFO. It does not fall under the “official 
article” definition by the USP [4] That is, it is not considered a drug 
product, drug substance, dietary ingredient, dietary supplement, 
excipient, compounded preparation, other ingredient, device, or 
part of a device. As a result, there is no USP reference standard. 

DFO and its derivatives (e.g., p-SCN-DFO) are used as raw 
materials for bioconjugations. They can be conjugated to a peptide 
or antibody. Both compounds are commonly considered raw 
materials, critical raw materials, or registered starting materials 
when used in conjugations. For quality assurance purposes, 
however, the regulations of a drug substance are commonly placed 
upon them. Regardless of how they are considered, having an assay 
test with an appropriate specification on the material is a good idea. 
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The primary goal of this work was to develop a simple, colorimetric 
titration method that is traceable to a primary standard that could 

be used as an assay test for both DFO and p-SCN-DFO. See (Figure 
1) for the structures.

Figure 1: DFO (right) and p-SCN-DFO (left).

 A second goal of this work was to incorporate the use of a 
standardized zirconium solution into the assay test. Both DFO and 
p-SCN-DFO can be attached to antibodies and peptides for PET 
imaging with Zr-89. [5-8] Use of standardized zirconium solution 
can then demonstrate the molecules’ ability to bind zirconium [9].    

The last goal was to qualify the assay method. In the early 
stages of drug substance development, analytical methods must 
be based on sound science. When  a  higher degree  of  confidence 
in  an analytical method is desired, the methods are qualified. 
Down the road, when the highest degree of confidence in 
methods is required, validation is undertaken. The ICH Guidance 
Document Q2(R1) contains strict requirements for what must go 
into validating an analytical method [10], the requirements for 
qualifying a method are not defined. In short, a qualified method 
is a subset of a validated method. It gives the user more confidence 
in the reliability of the analytical results [11]. Much debate can 
go into what subset is appropriate to carry out. Our decision and 
justification are discussed.  

Materials and Methods
The following reagents were ACS grade: ZrOCl2-8H2O, DMSO, 

EDTA disodium salt, xylenol orange, nitric acid, calcium carbonate, 
and hydroxy naphthol blue. Calcium carbonate is a chelometric 
standard with an assay of 99.95-100.05% on a dried basis. 
Deferoxamine mesylate was purchased from Millipore Sigma. The 
compound p-SCN-DFO is available as catalog number B-705 from 
Macrocyclics Inc. Deferoxamine mesylate RS was purchased from 
the USP and is catalog number 1166003. Class A volumetric flasks 
and pipets were used for critical volumes. The quantities used 
were chosen to optimize the number of significant figures while 
minimizing the quantity of materials needed for the test.

A single EDTA solution was prepared and used by all 
analysts. Any error associated with this solution preparation or 

standardization is imparted to all assay test results equally. The 
solution was standardized using the calcium carbonate chelometric 
standard after drying. Hydroxy naphthol blue was used as in 
indicator. A sharp color change from purple to blue denotes the 
endpoint. Strict instructions for carrying out a test can be found in 
the supporting information.

The zirconium assay method that was developed is a classic 
back titration. Excess standardized zirconium solution is present 
in a solution of DFO or p-SCN-DFO. The excess zirconium is 
titrated with a standardized EDTA solution. Xylenol orange is 
used as the indicator. A sharp color change from pinkish orange 
to yellow denotes the endpoint. Based on the volume of EDTA, the 
concentration of zirconium, and the concentration of EDTA, an 
apparent formula weight of the original solid DFO or p-SCN-DFO 
can be calculated. The ratio of the theoretical value to the calculated 
formula weight can then give an assay value. Strict instructions for 
carrying out a test can be found in supporting information. 

Three zirconium solutions were prepared. Analyst one used 
zirconium solution number one to perform all his/her assay tests 
on DFO and p-SCN-DFO. Analyst two used zirconium solution two 
and so on. The titrator that was used was an SI Analytics TITRONIC 
Basic. The burette holds 20mL and can dose in 0.01mL increments. 
Since its purchase, the instrument has routinely been tested to 
meet a 0.5% RSD for dosing small and large volumes. Since the 
endpoint can be determined with the naked eye, the assay test 
is performed by manual dosing. However, the titration could be 
automated with the incorporation of a photo rode if desired. For a 
residue on ignition test, a crucible with cover was placed at 900°C 
for two hours to clean. Solid ZrOCl2-8H2O was dried to obtain an 
easily weighable solid that had a formula of approximately ZrOCl2-
4H2O based on the results obtained. This solid was weighed in the 
crucible after cooling. The solid was placed in the furnace for a total 
of 4 hours. Assuming the residue that remains is pure ZrO2, the 
percentage Zr in the original solid can be calculated.   
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Results and Discussion

Assay Method
 Many colorimetric methods have been developed over the 

years for the determination of zirconium including those in the 
presence of interfering ions. [12-20] No method was found in the 
literature that worked for our application. Hundreds of titrations 
with varying conditions were carried out before settling on the 
optimal conditions. The method has many of the hallmarks of 
an ideal colorimetric titration. The titration can be performed 
quickly (i.e., minutes) so there is no long wait for equilibrium to 
be achieved. The method is colorimetric so there is no need for 
a UV/VIS instrument to determine an endpoint. The method is 

a classic complexometric method that uses EDTA as titrant, so 
no precipitation/filtration steps are required. The method uses 
commercial ACS reagents, so no expensive fine chemicals are 
needed. Lastly, solution preparations are simplified to dissolving 
solids in aqueous/DMSO solutions. No tricky heating or transfer 
steps that can add error are needed.

The final conditions developed for the DFO and p-SCN-DFO 
assay test are found in (Tables 1,2). Due to the limited solubility 
of p-SCN-DFO in water, its sample preparation differs slightly. 
Conditions in (Table 1,2) are considered the 100% level. The order 
of addition is critical to prevent the zirconium from turning into an 
unreactive form in solution. Thus, the solutions or solids must be 
added in order from top to bottom.

Table 1: Optimized conditions for DFO assay test.

Sample ~100mg DFO accurately weighed and added to the reactor

Zirconium solution 10.00mL of a standardized 0.02M solution

DMSO 10.0 mL

Water 20.0 mL

Indicator 75uL Xylenol Orange TS

Titrant Standardized 0.02M EDTA

Table 2: Optimized conditions for p-SCN-DFO assay test.

Zirconium solution 10.00mL of a standardized 0.02M solution

DMSO 5.00mL

Sample ~100mg p-SCN-DFO accurately weighed in a 10mL VF. Dissolved in DMSO. 5.00mL added to the reactor

Water 20.0mL

Indicator 75uL Xylenol Orange TS

Titrant Standardized 0.02M EDTA

Preparation of Zirconium Solution

 The preparation of solutions of many metal ions can easily be 
prepared from their chloride or nitrate salts. The preparation of 
zirconium solutions is not straightforward. Unlike some transition 
metals, zirconium does not form a simple aqua ion in solution. 
The aqueous speciation depends on several factors such as pH, 
concentration, and counterions. [21-25] This work does not attempt 
to identify what species exist in solution under the conditions 
employed. It was sufficient to demonstrate the conditions we used 
were repeatable when preparing solutions.

 It was critical to prepare a zirconium solution that can easily be 
prepared and standardized. Originally, a NIST-traceable zirconium 
standard was tested. These standards are commonly used for ICP 
quantification of zirconium. Despite their preparation in acidic 
solutions, we could not come close to the zirconium value listed on 
the certificate of analysis. The solution preparation of this standard 
is not reliable for our purposes. Instead, we decided to prepare 
our own solution from ACS grade chemicals. The best solution 
preparation was made by dissolving ZrOCl2-8H2O in 1.0N nitric 
acid. ZrOCl2-8H2O was chosen over ZrO (NO3)2-xH2O because the 
latter is difficult to dissolve in acid solutions. It can be dissolved 

in a reasonable time only after heating. ZrOCl2-8H2O, on the other 
hand, dissolves readily in acidic solutions. Nitric acid was chosen 
over hydrochloric acid. When zirconium solutions are prepared in 
hydrochloric acid, the titration endpoint takes minutes. While it is 
a sharp endpoint, each drop of titrant near the end takes minutes 
to discern if the endpoint was reached. Since not every analyst has 
the same amount of patience, the nitric acid solution preparation 
was chosen instead. As a result, endpoints are both sharp and 
immediate. Regarding acid content, 1.0N acid was optimal although 
2N HNO3 was also acceptable. When zirconium solutions were 
prepared in 0.1N HNO3 or less, or in >2N HNO3, the endpoint was 
unclear. 

It was critical to verify all the zirconium in prepared solutions is 
in a form that can react with EDTA, DFO, and p-SCN-DFO. A residue 
on ignition (ROI) test was used as a separate method to verify the 
results of the titration. Three sources of ZrOCl2-8H2O were used to 
prepare and standardize three solutions of zirconium. The same 
sources of ZrOCl2-8H2O were tested for ROI. The % Zr was calculated 
using both methods. The results agreed to ≤ 0.8% absolute. This is a 
very good agreement for the comparison of two different methods. 
Consequently, we believe all the zirconium in solution is available to 
take part in the reaction.
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Xylenol Orange Indicator

  Many indicators can complex zirconium and then be displaced 
by the addition of EDTA. However, not all have this property under 
the highly acidic conditions. Based on literature reports, eriochrome 
cyanine R, arsenoazo III, and xylenol orange were the first 
indicators to evaluate. The former two did not give a distinct color 
change at the endpoint. Xylenol orange, however, gave a very sharp 
endpoint. The color change was from a pinkish-orange color near 
the endpoint to a pure yellow. ACS grade xylenol orange was used 
as purchased without any purification. It is known that commercial 
xylenol orange is a mixture of several related compounds. [26] 
Nonetheless, 0.1% solutions in water were prepared from two 
different lots and gave identical results. 

The volume of indicator used will impact the sharpness of the 
endpoint. It was determined that 75-100µL of the 0.1% solution was 
ideal. Under the acidic solutions employed, the indicator is either 
sparingly soluble or forms a colloid. The use of DMSO increases 
the clarity of the color transition by increasing the solubility or 
preventing colloid formation. 

Temperature

 Various temperatures were tried. Typically, higher 
temperatures favor faster equilibriums. In our case, temperatures 
above 70°C were detrimental. Endpoints were difficult to discern. 
Temperatures 50-70°C led to protracted equilibria. Addition of 
EDTA titrant produced a fast color change to yellow that slowly 
turned back to pinkish orange. When temperatures in the 30-50°C 
range were used, the equilibrium was fast. Once the color changed 
to yellow, it did not revert to pinkish orange. Ultimately, 40°C was 
settled upon. 

Method Qualification

Table 3: Tests used to qualify the DFO and p-SCN-DFO assay 
method. Validation tests are given as a reference.

Assay test characteristic Qualification Validation

Accuracy X X

Precision (Repeatability) X X

Precision (Intermediate) X X

Precision (Reproducibility) X

Specificity X X

Linearity X

Range X

Robustness X

System Suitability Test X X

(Table 3) is derived from ICH Q2(R1). It lists characteristic tests 
performed to validate an assay method. Note that the list differs 
from those for validating an identification test or one for impurities. 
The table also lists the subset of tests used in this study to qualify 
the assay method. This qualification study focused on accuracy, 
specificity, and precision. The other aspects were not evaluated 
or minimally evaluated. Only one lab took part in the study, so 
Precision (Reproducibility) was not evaluated. The range was 
limited to three different concentration levels of DFO and p-SCN-
DFO. Many robustness aspects of the method were evaluated during 
development. For example, different lots of reagents were used. 
However, they were not formally tested as part of the qualification 
study.   

Accuracy

 The assay method has a high degree of accuracy built into the 
test. As mentioned in the introduction, the results of this test can 
be traced back to a primary standard. Calcium carbonate is used 
to standardize an EDTA solution. This EDTA solution is used to 
standardize a zirconium solution. Finally, both the zirconium and 
EDTA solutions are used to determine the assay value of DFO or 
p-SCN-DFO. No other reference standard is needed. 

The fact that DFO and p-SCN-DFO are pure substances is a 
consideration when evaluating a test for accuracy. A drug product 
typically has excipients or other inert ingredients that can inhibit 
or mask a target analyte. Pure substances typically do not have this 
issue. That does not mean the accuracy of the analysis can be taken 
for granted. The sample preparation of p-SCN-DFO had an impact 
on the results. DMSO was required to both dissolve the product and 
keep it in solution so the test could be performed. Without DMSO, 
the accuracy as well as the precision were poor. 

An ROI test was used to confirm the accuracy of the zirconium 
titration. When heated in a furnace at 900°C, zirconium salts 
quantitatively turn into ZrO2. Three different ZrOCl2-xH2O solids 
were used for the ROI test and to make solutions that could be 
standardized. The zirconium content between the two methods 
differed by at most 0.8%. This confirms the titration method is 
capable of accurately determining the concentration of zirconium 
in solution.     

Precision (repeatability)

ICH Q2(R1) gives recommendations for repeatability. One 
way is to analyze in triplicate three concentrations that span the 
usable range of the assay test. To this end, one analyst analyzed 
one zirconium solution at the 50, 100, and 150% levels. One lot of 
DFO was analyzed at the 50, 100, and 150% levels. Finally, one lot 
of p-SCN-DFO was analyzed at the 70, 100, and 130% levels. See 
the results in (Table 4). The %RSD values throughout the range are 
all excellent at 1.1% or less.  The repeatability for DFO and p-SCN-
DFO improved (lower %RSD) when larger amounts of the solid was 
used. In practice conditions representing the 100% level have been 
sufficient. Specifying final test conditions at the 150% level would 
improve the precision. 
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Table 4

%RSD Zr Soln DFO 1 p-SCN-DFO

Low 0.11 0.9 0.59

Middle 0.11 0.37 0.34

High 0.1 0.08 0.14

Range 0.3 0.53 1.1

Intermediate precision

 Since it is typical for more than one analyst to perform QC 
testing, intermediate precision is an important qualification test. 
In triplicate, three different analysts standardized three zirconium 
solutions, analyzed two lots of DFO, and analyzed one lot of p-SCN-
DFO. These precision tests were on different days at the 100% 
level. It did not seem meaningful to use different equipment 
as the equipment that was used had already gone through its 
own qualification. As mentioned before, one solution of EDTA 

was prepared and used by all analysts to remove any variability 
associated with its preparation. Intermediate precision was 
calculated by averaging all nine results from three analysts. See 
the results in (Table 5). While the endpoint of the titration method 
is subjective (a color change detected by the human eye), %RSD 
values for intermediate precision of < 1.0% were obtained in every 
case. Thus, the intermediate precision was excellent. This means 
the method was able to be understood and put into practice by 
different people and very similar results were obtained. 

Table 5

% RSD Zr Soln 1 Zr Soln 2 Zr Soln 3 DFO 1 DFO 2 p-SCN-DFO

Analyst 1 0.06 0.11 0.11 0.37 0.41 0.34

Analyst 2 0.11 0.22 0.15 0.13 0.46 0.5

Analyst 3 0.06 0.05 0.11 0.04 0.07 0.31

Intermediate

Precision
0.24 0.18 0.23 0.49 0.63 0.7

Specificity 
Some analytical methods are more specific than others. That is, 

they can respond to a single analyte better than other methods. A 
high degree of specificity for a titration requires 100% complexation 
and a sharp endpoint. Under the conditions employed, DFO and 
p-SCN-DFO will react 100% with zirconium. Common impurities 
such as salts, residual solvents, and adsorbed water will not react 
with zirconium. One of the reasons this method works is DFO and 
p-SCN-DFO are highly specific chelating agents for zirconium. The 
formation constants are higher than those with EDTA – which is a 
critical aspect of this method. For this method to work properly, the 
stability constants with zirconium must be of the following order: 
NO3-/Cl-/H2O/DMSO < Xylenol Orange < EDTA < DFO/ p-SCN-DFO. 

Thus, the specificity of this method is acceptable. A limitation of 
this method is that some related substances are also going to form 
a complex with zirconium under the test conditions. It is easy to 
imagine that putting a methyl group on the terminal primary amine 
of DFO will create a related substance that will still form a very 
stable complex with zirconium.  However, not all related substances 
will bind zirconium under the conditions employed. If one or 
two of the hydroxamic acid moieties is not present in a related 
substance, it probably will not bind zirconium. A well-developed 
chromatographic purity test measures the related substances. 
These two tests can be used in conjunction to evaluate the quality 
of the products.

System Suitability Test
 In our experience 0.02M solutions of EDTA are stable for at least 

six months. When prepared as described, solutions of zirconium 
are also stable at least six months. The system suitability test we 
employed the day of testing was to verify the concentration of the 
zirconium solution. If the zirconium concentration was within 0.5% 
of the established concentration, the system suitability test passed. 

USP RS Analysis
Since it is available, the USP RS for Deferoxamine Mesylate 

was analyzed using the developed method.  Due to having only a 
limited quantity, each analyst tested the material once. Averaging 
the singlet results from the three analysts produced an assay 
value of 99.6±0.3%. For this lot it was specified to multiply the 
amount of solid used by 0.996 for quantitative spectrophotometric 
applications. Our assay value corresponds exactly to the assigned 
value specified by the USP. For reference, the spectrophotometric 
application referenced above is a non-specific assay test described 
in the monograph for Deferoxamine Mesylate for Injection. [27] In 
this test, an iron complex is formed and then quantitated using a 
UV-VIS instrument at 485nm. 

When this same lot of Deferoxamine Mesylate RS is used as a 
reference in an HPLC assay test, a factor is incorporated to account 
for the fact it is not considered 100% pure. This factor accounts 
for any residual solvent and related substances. The acceptance 
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criteria are calculated on the anhydrous basis, so it understood 
that the adjustment factor does not consider associated water. The 
USP does not share the values determined for each component 
(i.e., residual solvent, water, related substances, etc.) that go into 
the adjustment factor. They consider those values proprietary. 
Analysis of the RS using our own developed method gave a purity 
value of 97.8%. The USP specifies an assigned value of 0.981 for 
quantitative HPLC applications. If residual solvents are negligible, 
our value corresponds nicely to the USP multiplier.  

Conclusions
A fast and inexpensive assay method for DFO and p-SCN-

DFO has been developed. The method can be traced back to the 
quality of an analytical primary standard. Thus, there is no need to 
incorporate a product-specific reference standard into the test for 
either compound. The method includes the non-trivial preparation 
and standardization of a zirconium solution. This assay method 
was then qualified with both compounds. The method can easily 
be integrated into a quality system to test these compounds as raw 
materials or as drug substances. The method has its limitations. 
Primarily, it is a non-specific method such that some related 
compounds to DFO and p-SCN-DFO will react equally as well. 
However, any associated water or residual solvents are accounted 
for. The test forms an excellent counterpart to a well- developed 
HPLC purity method that accounts for related substances. The assay 
method was qualified for both compounds. Method qualifications 
are designed to evaluate the integrity of the method. Based on the 
results from the tests, this assay method is of sufficient quality such 
that it could easily be moved into a validation study.
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