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Abstract

Protamine is a well-known excipient in pharmaceutics. It represents a peptide consisting of exclusive aliphatic amino acids,
hence it cannot be quantified by UV-spectroscopy.¢ 280 nm). A new and sensitive quantification method based on the
derivatisation of protamine withrtho-phthaldialdehyde (OPA) in the presents of 2-mercaptoethanol (MEgemetyl1i-cysteine
(NAC) in basic aqueous solution using 96-well microtiter plates are introduced in this report. The resulting isoindol derivatives
reveal a fluorescence excitation (maximug 345 nm) and emission (maximukg,, 450 nm) spectra. Derivatives of OPA/NAC
reagent were found to be useful for protamine quantification in pharmaceutical nanoparticle preparation containing DNA. A
sufficient stability of the isoindol derivatives was shown. It was possible to determine protamine free base, protamine sulphate
and protamine chloride with limits of detection less thanglgIml.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with lipoplexes Boulikas and Martin, 1997; Sorgi
et al., 1997 and the delivery of antisense oligonu-
Protamines are strongly cationic peptides with a cleotides using nanoparticleSgnzalez Ferreiro et al.,
molecular mass of approximately 6000 Da found in 2001; Junghans et al., 200@or this reason it is es-
the spermatic cells of vertebrates and cephalopods.sential to get an information about the content of pro-
For pharmaceutical use the protamine or its salts are tamine in a drug formulation in pharmaceutics.
obtained from salmon spernAiido et al., 1973 Be- The sequences of protamine containing only
sides its use of prolongation of insulin release in the aliphatic amino acids, thus the standard method of pro-
diabetes mellitus therapy for the last decades and as artein quantification by measuring the UV-absorption
antidote for heparin intoxication in haematology, pro- at Amax 280 nm of the aromatic amino acids of the
tamine became in the last few years a promising agent peptides or proteins is not applicabf@kamoto et al.,
in gene therapy for enhancing the transfection of genes 1993.
Colorimetric spectrometry and measuring the ab-
"+ Corresponding address. Tek3-316-380-8881: sorption at Amax 500 nm after Sakaguchi reaction
fax: +43-316-380-9100. (Weber, 1929is the commonly used method to quan-
E-mail addressandreas.zimmer@uni-graz.at (A. Zimmer). tify protamine in aqueous solutions. The Sakaguchi
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reaction involving the decomposition of guanidino
groups of the arginine residues, which is a com-
plicated and time consuming process. Preliminary
studies showed that the Lowry reageht\ry et al.,
1951), Coomassie brilliant blue protein assaghan

et al., 199% and bicinchoninic acid protein assay
(BCA) (Smith et al., 198bgave only unsatisfactory

responses to protamine concentrations ranging from

20 to 100Qug/ml. Additionally, Bradford reagent
with a sensitivity range of 100—-14@d/ml protamine

is also not sensitive enough for the quantification of
protamine in low concentrated solutionBrédford,
1976.

Fluorescence spectroscopy was introduced to im-
prove the sensitivity limits for protamines. Fluores-
cence labelling of protamine with fluorescein (FITC)
and tetramethyl-rhodamine (TRITC), respectively,
was described beforeé¢chmann et al., 2004; Wehling
et al., 1979. Disadvantages of these procedure are:
(i) unpredictable side-reactions for the peptide during
the purification after the labelling; (ii) free fluores-
cence dye can distort the quantification results; (ii)
an expensive and time consuming procedure.

The derivatisation of amino acids witlrtho-
phthal-dialdehyde (OPA) was previously described
in a pioneer work by RothRoth, 1971) further on,
for high performance liquid chromatography and
capillary electrophoresis applicationalifin et al.,
1991; Chen et al., 1997, 2001; Kutlan et al., 2002;
Lochmann et al., 1998; Molnar-Perl, 2001; Pi et al.,
2000. Additionally, biogenic polyamines like sper-

D. Lochmann et al./International Journal of Pharmaceutics 283 (2004) 11-17

tion reagent, to develop a fast and easy quantification
method for protamine and its salts.

2. Materials and methods
2.1. Materials

Ortho-phthaldialdehyde (OPA) pro analysis was
obtained from Merck (Darmstadt, Germany). Pro-
tamine free base (PB), protamine sulphate (PS) and
protamine chloride (PC) extracted from salmon sperm
were purchased from Sigma (Steinheim, Germany).
Unmodified oligonucleotides and phosphorothioate
modified oligonucleotides (20 mer) were obtained
from Biospring (Frankfurt, Germany). All other chem-
icals were of the highest available purity and were
purchased from Sigma (Steinheim, Germany). Water
(MQ-water) was purified with a Milli-Q Plus system
obtained from Millipore (Schwalbach, Germany).

2.2. Methods

2.2.1. OPA reagent

Solution A: 150uM ortho-phthaldialdehyde (OPA)
were dissolved in methanol. Solution B: 1.5mM
2-mercaptoethanol (ME), respectivelyN-acetyl-
L-cysteine (NAC) were dissolved in 10 ml borate
buffer (0.1M boric acid with potassium hydrox-
ide adjusted to pH 9.4). The solutions A and B
were mixed in a volume ratio 2:1 at°€ 2h before

mine, spermidine, cadaverine and putrescine could be use.

determined after derivating the primary amino groups
of these molecules with OPA reager@gnca et al.,
2001; Kutlan et al., 2002; Venza et al., 2001

The principal limitation of the OPA-derivatives of
primary amino-groups (isoindols) is their instability.

2.2.2. Protamine sample preparation

Three milligrams of protamine free base (PB), pro-
tamine sulphate (PS) and protamine chloride (PC)
were dissolved in highly purified, salt free water

For this reason several studies have been carried out(MQ-water) under stirring at 28C. Afterwards, sam-

to characterise the stability of these molecul8ai{o
et al.,, 1994; Campins-Falcé et al., 2001; Moliner
Martinez et al., 2004

This report describes a new method to quantify pro-
tamine by derivating the primary amino groups with
ortho-phthaldialdehyde (OPA) and 2-mercaptoethanol
(ME), respectively,N-acetyli-cysteine (NAC) and

ple series of each protamine quality were prepared
with a concentration of 50, 25, 10, 7.5, 5, 2, 1, 0.5,
0.25p.g/ml in borate buffer (0.1 M boric acid with
potassium hydroxide adjusted to pH 9.4).

2.2.3. Fluorescence spectra
The excitation- and emission-spectra of the

their determination by fluorescence spectrometry. The isoindol-derivatives were determined with a lumi-
measurements were carried out in a microtiter plate nescence spectrometer LS 50B Perkin Elmer (Uber-
reader equipped with a pump unit for the derivatisa- lingen, Germany). 500l of a 2ug/ml PB solution
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(in borate buffer pH 9.4) were incubated with 5000
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of 15-150ug/ml PB in water were prepared from

OPA/NAC reagent for 5min and afterwards measured a stock solution containing 2.5mg/ml PB. To 1 ml
by scanning the excitation- and emission-spectra in of the diluted solution 3Q.g of unmodified, respec-

0.5nm steps.

2.2.4. Fluorescence measurements in microtiter
plates

tively, phosphorothioate modified oligonucleotides
were added and mixed for 5s. After incubating for 2 h
at room temperature particle preparations with differ-
ent ratios of oligonucleotides/PB were centrifuged at

One hundred microliters of each protamine sample 20,000x g, 25°C for 60 min. The supernatants were

were transferred in a black 96-well microtiter plate
obtained from NUNC (Wiesbaden, Germany). One
hundred microliters of the OPA/ME or OPA/NAC

reagent were automatically injected into each well.

separated from the pellets. Five hundred microliters of
a 20% (w/w) solution of polyphosphate in MQ-water
were added to dissolve pellets and the samples were
kept for 3 h in a thermocycler (1000 rpm, 80). Each

The measurement was performed at an excitation 100ul of the solubilised pellet sample was measured

of Aex 345nm and at an emission ofm 450 nm
with a FLUOstar Galaxy microtiter plate reader
(BMG-Labtechnologies, Offenburg, Germany). The
FLUOstar temperature was set to €5 The gain
of the microtiter plate reader was fixed at 30 for the
sample series of 0.25-1@/ml and for the sample
series of 5-5@Q.g/ml at 79. The mean fluorescence

intensity (MFI) was calculated as an average of seven

independent measurements.

2.2.5. BCA protein quantification method

as described for PB iBection 2.2.4

3. Results and discussion

3.1. Reaction of OPA with primary amino groups in
general

Based on the pioneering work of RothRdth,
1971) who usedortho-phthaldialdehyde (OPA) in
combination with 2-mercaptoethanol to quantify

The protamine free base content was measuredamino acids, the reaction of protamine with OPA in

with a commercially available bicinchoninic acid as-

the presence of various SH-group containing agents

say (BCA-assay by Uptima, France). One hundred leads to isoindol derivatives of the primary amino
microliters of protamine free base aqueous solutions groups. The reaction schema is showrFig. 1 The

(0.5, 5, 50, 50Qug/ml) were incubated in a 96-well
microtiter plate with 20wl BCA solution mixture
following the manufactors manual. The adsorption
was measured afnax 550 nm. This method was used
for cross-validation.

2.2.6. Protamine-oligonucleotide nanoparticle
preparation

Protamine-oligonucleotide particles were manufac-
tured as described befor&d@nzalez Ferreiro et al.,
2001; Junghans et al., 2000, 2Q0ih detail, solutions

CHO
@[ + HS—R, + HN-R,
CHO

-~
-~

advantage of this reaction strategy is that the educts
have no interference with the fluorescence spectra of
the resulting isoindoles. Thus, no further separation
procedure is necessary after derivatisation with the
OPA/ME or OPA/NAC reagent. This is a major ad-
vantage in comparison to other labelling procedures
like isothiocyanate or succinimidylester which have
to be purified afterwards. However, the absence of a
separation of educt and product was a precondition
for the development of a one step microtiter plate
quantification method.

S/R1

-
__N—R, + 2HO

Fig. 1. Reaction pathway obrtho-phthaldialdehyde (OPA) with SH-group containing molecules; (R-mercaptoethanol (ME) or
N-acetyli-cysteine (NAC)) and primary amino groupsy{Rporotamine) resulted in a 1-alkylthio-2-alkyl-substituted isoinddlbin et al.,

1991; Mengerink et al., 2002
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The optimal molar ratio for both OPA reagents, ME
and NAC, was found to be 1:50 (OPA/ME, NAC). A
concentration of 100M OPA in the reagent was used
and finally mixed 1:1 (v/v) with the sample. In our
study the pH of the reaction could be optimised at 9.4

D. Lochmann et al./International Journal of Pharmaceutics 283 (2004) 11-17

3.3. Kinetics of derivatisation reactions

We started the development of a protamine ana-
lytic with the OPA/ME reagent, well known for the
on-column derivatisation of amino acids in HPLC

with a basic borate buffer, but also a phosphate buffer and CE Albin et al., 1991; Lochmann et al., 1998

can be used at the same pH.

3.2. Fluorescence spectra of the protamine isoindol
derivative

The excitation- and the emission-spectra of the
isoindol derivative of protamine free base are shown
in Fig. 2 The highest excitationity) was deter-
mined at 345nm and for the emission spectrum
(Aem) @ maximum was measured at 450nm. No
difference between the isoindoles of OPA/ME and
OPA/NAC was detectable (data not shown). These
measurements are confirming the findings of pre-
vious studies dealing with amino acids and OPA
reagentsNlolnar-Perl, 2001; Molnar-Perl and Bozor,
1998.
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In general, it was found that the stability of the isoin-
doles with OPA/ME reagent was not high enough for
a microtiter plate quantification method. A fast and
non-reproducible decrease of the fluorescence signal
was found Fig. 3). This result confirmed the finding

of other groups with OPA/ME reagent and amino
acids (Molnar-Perl, 2001 In contrast, the stability

of the isoindoles of the OPA/NAC reagent allows
the manual application, besides the automatic appli-
cation, of the OPA reagent on the microtiter plate.
Thus, we applied to all following measurements the
OPA/NAC reagent, which showed a sufficient stabil-
ity of the isoindoles after 10 min for approximately
30min (Fig. 3). After this time period, the fluores-
cence intensity slightly increases for 2h before the
signal intensity decreases (data not shown). The reac-
tion time between OPA/NAC reagent and protamine

o .

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

wavelength [nm]

Fig. 2. Excitation- @) and emission-spectr&)) of the protamine-isoindol-derivative (OPA/NAC reagent) with a maximumkfge 345 nm

and Aem = 450 nm.
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Fig. 3. Measurement of the kinetics of the fluorescence intensity (MFI). Reactionqugf@ protamine free base with OPA-ME reagent
(O) and OPA-NAC reagent@®). Blank values with OPA-NAC reagent in borate buffer are visualiseddgs (

should be at least 7 min which is in correlation to nificant difference P = 0.001) of the variances was
earlier studies on the derivatisation of amino acids found.

(Molnar-Perl, 2001; Molnar-Perl and Bozor, 1998 The limit of detection (LOD) of all analytes were
found to be less than 1pg/ml (110ng per well).
3.4. Quality of the fluorescence signals Additionally, the limits of quantification (LOQ) were

found to be less than 1pg/ml (170 ng per well).

The quality parameters for the sample series of pro-
tamine free base, protamine chloride and protamine 3.5. Cross-validation of the OPA/NAC method with
sulphate are given iffable 1 F-test was performed the BCA protein quantification assay
with the variances of thefy) 0.25ug/ml and §2)
10pg/ml measurements (= 6) to prove the linearity The cross-validation between OPA/NAC and the
of the three calibration graphs. For protamine free BAC protein quantification assay (reference method)
base {p/f1 = 234), protamine chlorideff/f; = 163) was performed at 5@g/ml PB. An F-test was cal-
and protamine sulphatdy(f; = 157) a highly sig- culated with both variancesfifca = 43.29; f2opa

Table 1

Analytical properties corresponding to the determination of protamine and its salts by using OPA/NAC derivatisation

Analyte ats, b+s r2 So LOD (pg/ml) LOQ (wg/ml)
Protamine free base 45Q6 125 —586+ 73 0.9994 0.148 0.935 1.397
Protamine chloride 356% 35 964 + 42 0.9995 0.136 0.861 1.286
Protamine sulphate 4208 148 —-918 + 85 0.9992 0.172 1.081 1.615

Quality parameters of the calibration graplys=f ax + b) are given ass, (ordinate standard deviationy, (slope standard deviation)?
(regression coefficientk,, (standard deviation of the method), limit of detection (LOD) and limit of quantification (LOQ).
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= 3.57) and a significant difference was obtain®d (  Table 2
> 0_05)_ Afterwards. a-test including the different Quantification of protamine free base (PB) in nanoparticle prepa-
\7ariances resulted B, < 0.05 for the mean values of rations in the presence of phosphorothioate oligonucleotides (PTO)

both methods (BCA: 51.2% 6.58u.g/ml; OPA: 50.08 Used in the preparation Found in the
+ 1.89ug/ml). Concluding these results, the refer- nanoparticle pellet
ence method confirmed the new OPA quantification PTO ¢:9) PB (»0) PB (x0) SD
method. 30 15 9.8 +0.9
30 30 13.8 +0.4
3.6. Quantification of protamine in presence of 38 gg ;2-3 igé
oligonucleotides 30 75 232 103
_ o . 30 2 27.2 +0.6
The analytical application of the method described 30 150 30.7 +0.1

in this paper was applied to the quantification of pro- -t Fm v Lo e calculated from five independent
tamine in phosphorothioate antisense oligonucleotide ,casurements.

(PTO) samples. For this purpose it became clear that
it is absolutely necessary to perform blank measure-
ments with the OPA/NAC reagent and the used buffer
or analytic matrix. In general, the blank fluorescence is
the main factor limiting the sensitivity of this method.
Therefore, the OPA reagent was stored at least for 2h
at 4°C to eliminate the self-fluorescence of impuri-
ties. These impurities, e.g. ammonium ions, react with
OPA in the presence of SH-groups and can also form
fluorescent isoindolek@ng et al., 2008

Further side reactions with aromatic primary amino .
groups contained in DNA showed a much lower reac- 4 Conclusion

tivity with a slower increase of the fluorescence sig- ) ) )
nal and a 12 times less MFI after 7 min, correlated to A fast and reliable method to quantify protamine

the same amount of protamine free base. Thus, it wasin Pharmaceutical samples was developed. Our ana-

possible to determine the content of protamine free Iytical technique requires neither preliminary extrac-

base entrapped in antisense oligonucleotides (PTO)ton with an organic solvent nor long multi-step proce-

containing nanoparticles, which were prepared as de- dures. Protamine can be quantified in the presence of

scribed Junghans et al., 2000, 2001; Lochmann et al., unqu|f|ed and phosphorotmoate mo_dlfled oligonu-

2004 in press). After the particle assembly, the differ- cIeoudgs. Protamlne free base, protamine sulpr_]at_e and

ent nanoparticle preparations were centrifuged and the Protamine chloride can be determined with a limit of

pellets were separated from the supernatant. Furtherdetection less than 1,dg/ml and a limit of quantifi-

on, the pellets were dissolved with a polyphosphate cation less than 1Zg/ml analyte.

solution. Afterwards, the protamine content of these

samples was measured with the microtiter plate reader

using OPA/NAC reagent as described above. It was Acknowledgements

shown that the protamine free base in the nanoparti-

cles could be determined by this method without fur-  The authors would like to thank Andreas Kungl

ther separation ste@éble 2. from the Institute of Pharmaceutical Sciences,
The current data confirmed earlier results obtained Karl-Franzens University Graz, Austria for his as-

from nanoparticle containing tetramethylrhodamine sistance at the fluorescence spectrometry, Holger

labelled protamine at a low protamine concentration, Lochmann from the Stihl AG, Waiblingen Germany,

which demonstrates the sensitivity of our new method. Rainer Kern from the Abbott GmbH, Ludwigshafen

At high protamine concentrations the derivatisation Germany and Uwe Reil3 for the helpful discussions.

with OPA/NAC reagent was found to be less sensi-
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