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A dynamic coating using polyamidoamine (PAMAM) dendrimers
was used to change the direction and magnitude of the
electroosmotic flow. The influence of PAMAM on electroosmotic
mobility was studied in the concentration range from 0.005 to
0.100 % (w/v) and at different electrolyte pH from 2.5 to 8.5.
PAMAM dendrimers as additive to the background electrolyte
were able to reverse the electroosmotic flow at low concentration
level (0.01 % w/v). The presented dynamic coating was then
applied on the enantioseparation of selected amines such as R,S-
and S,R-tapentadol, R- and S- isoproterenol and R,S- and S,R-
ephedrine with the use of 2-hydroxypropyl-B-cyclodextrin as chiral
selector.

Alteration of the electroosmotic flow (EOF) can bring the
positive effect on the separation of analytes in capillary
electrophoresis (CE). With the change of the velocity and
direction of EOF it is possible to modify the efficiency and time
of analysis or reverse the migration order of compounds,
which is essential for separation of minor components in the
mixture. Moreover, the commonly known issue in CE is that
the positively charged species have tendency to adsorb to
negatively charged fused silica capillary wall (through
electrostatic, hydrophobic and hydrophilic interactions). This
generates problems with separation repeatability and hence
difficulties with quantification. The wall — analyte interactions
also lead to degradation of peak resolution, which is the key
criterion in chiral CE. Several approaches have been recently
published to minimize the wall-analyte interactions using the
permanent or dynamic capillary coatinglf4 or working at
extreme pH and/or ionic strengths.

A cationic surfactant cetyltrimethylammonium bromide
(CTAB) is commonly used for dynamic coating of the capillary
and reversal of the EOF® 2. However, when CTAB is used with
the presence of cyclodextrins (CDs), it is not able to reverse
the EOF’. Moreover, Funasaki et al.®® reported that CTAB can
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compete with the analyte of the complexation sites of CD
selector. Due to above mentioned reasons the permanent
coating of capillaries is mostly recommended for chiral
separation with cps™. Nevertheless, the use of commercial
coated capillaries is limited by their high costs and their
preparation in laboratory is time consuming and laborious. The
only used dynamic coating for CD mediated chiral separation
proposed in the literature is based on the CElixir™ kit'*™**
however, its chemical composition is patent protected.

Polyamidoamine (PAMAM) dendrimers proposed here as a
dynamic coating agent for CE are highly branched and
1817 Their structure comprises
cores, interior repeating units, and terminal groups. The
dendrimer structure used in the study is presented on the
Fig.1. and is characterized by 14 tertiary amine groups and 16
primary amine groups. The molecular weight of compound is
3256 Da, with diameter of 2.6 nm (Ref. 18).
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Fig.1. Chemical structure of PAMAM dendrimer G 2.0
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Since 1980s’ when the first dendrimers were synthesized
and characterized'®**2? they were applied in different fields of
human activities, e.g. in medicine23'24, petroleum industryzs'26
or material science’” . Various type of dendrimers were
reported useful for micellar electrokinetic chromatography
(MEKC) for analysis of hydrocarbons31, parabens (polyacid
dendrimers)32 and positional isomers of neutral phenols
(sulfonic acid-modified starburst dendrimer)33. PAMAM
dendrimers were also used for dansyl-Ala and dansyl-Val
separation34 and for proteins separation (bovine serum
albumin, lysozyme, myoglobin and trypsin inhibitor)35.
Recently, the coating properties of dendrimers were
characterized for detection of albumin in biological samples36.

The presented study introduces PAMAM dendrimers
generation 2.0 (G 2.0) as a dynamic coating additive of the BGE
for the enantioseparation of selected chiral amines with the
use of 2-hydroxypropyl-B-CD (2-HP-B-CD) as a chiral selector
(CS). According to our best knowledge this is the first use of
PAMAM for that purpose.

Detailed information about instrumentation, experimental
conditions and chemicals is stated in the Experimental part of
the Electronic Supplementary Information (ESI).

For the dynamic coating the PAMAM G 2.0 was chosen as
the additive due to its branched structure and thus limited
probability to interact with the inner cavity of the CD. The
diameter of G 2.0 PAMAM dendrimers in 10 % (v/v) methanol
solution is 2.6 nm (Ref. 18), whereas the diameter of B-CD
inner cavity is 0.78 nm (Ref. 37). It can be supposed that the
PAMAM G 2.0 will not compete with interaction of the
analytes with the 2-HP-B-CD cavity.

Preliminary, the influence of the dendrimer concentration
on the electroosmotic mobility was studied in the 50 mM
sodium acetate pH 4.5 in the range from 0.005 — 0.100 % (w/v)
of the PAMAM G 2.0. Sodium acetate pH 4.5 was chosen due
to strong EOF in an uncoated capillary and positive charge of
the studied PAMAM® at acidic conditions. The aim of the
study was to obtain the reproducible reversed EOF (from
cathode to anode) with the lowest concentration of the
additive. The influence of increased PAMAM G 2.0
concentration on the electroosmotic mobility in sodium
acetate pH 4.5 is presented in the Table 1.

Table 1. Influence of the PAMAM G 2.0 concentration on the
electroosmotic mobility in 50 mM sodium acetate pH 4.5 (see
details in ESI).

PAMAM G 2.0 concentration [ % (w/v)]

0.000 | 0.005 | 0.010 | 0.050 | 0.100

Electroosmotic mobility

[10%m%sv?], 413 | -499 | 521 | 544 | 545
n=10
RSD [%] 049 | 014 | 012 | 091 | 058

The experiments conducted at pH 4.5 revealed that already
low concentration (0.005 % (w/v)) of PAMAM G 2.0 in the BGE
is able to change the direction of the EOF from strong anodic

2| J. Name., 2012, 00, 1-3

to strong cathodic. Due to similar effect of the concentration
of studied additive on the magnitude and direction of the EOF,
the 0.01 % (w/v) (0.031 mM) of PAMAM G 2.0 was chosen as
an optimal and was used for further experiments. The RSD
value of the migration time for EOF marker peak (DMSO) did
not exceed the 0.92 % (n = 10). For a comparison, commonly
used CTAB additive had to be used at 0.1 mM concentration,
which is around 3 times higher than for PAMAMZ,

As a next step, the influence of pH of the BGE with
constant PAMAM G 2.0 concentration (0.01 % (w/v)) on the
EOF, in the pH range from 2.5 to 8.5, was studied. The results
are presented on the Fig.2. The EOF was already reversed for
the pH 2.5, however with low magnitude, which was similar
also for pH 8.0 and 8.5. Two plateaus were observed for the
pH 4.0, pH 4.5, pH 5.0 and for the pH 7.0 and pH 7.5. It can be
speculated that is a consequence of the silanol group
ionization as well as the protonation of amine groups in the
dendrimer structure®®*°. The strongest anodic EOF was
obtained for pH 4.5.

Fig. 2 Influence of the pH of the BGE on the electroosmotic
mobility. BGEs: sodium phosphate pH 2.5-3.0, sodium acetate
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pH 3.5-5.5, sodium MES pH 6.0-6.5, sodium MOPS pH 7.0-7.5,
sodium TAPS pH 8.0-8.5. See ESI for details.

The presented results show that PAMAM G 2.0 dendrimers are
able to modify the inner capillary wall in wide pH range. The
capability of the PAMAM dynamic coating together with
enantioseparation was demonstrated on selected basic drugs
(ephedrine, isoproterenol, tapentadol) with 2-HP-B-CD as CS.
The non-ionic 2-HP-B-CD was considered accordingly to
minimize the quantity of charged components of the BGE and
to avoid electrostatic attraction of the CS with positively
charged species. The choice of the CS was based on the
published results for ephedrine40 and tapentadol“. In the case
of isoproterenol the preliminary experiments were conducted
without PAMAM, but with different concentration of 2-HP-B-
CD (data not included).

The ephedrine, isoproterenol and tapentadol have the pK,
as follows 9.65 (Ref. 21), 9.81 (Ref. 43), 9.34 (Ref. 44). The
enantiomers were separated using 2-HP-B-CD in 50 mM
sodium acetate pH 4.4 with and without addition of PAMAM G
2.0 dendrimers. The corresponding electropherograms shown

This journal is © The Royal Society of Chemistry 20xx
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on Fig.3 document the change in the resolution of the studied
enantiomers with different concentration of 2-HP-B-CD with
and without PAMAM G 2.0 additive (0,01 % (w/v))
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Fig.3. Chiral separation of basic drugs at pH 4.4 with (0.01 %,
w/v) and without PAMAM addition. BGE: 50 mM sodium
acetate pH 4.4, for ephedrine 5.0 % of 2-HP-B-CD, for
tapentadol 0.1 % of 2-HP-B-CD and for isoproterenol 10.0 % of
2-HP-B-CD.

According to the different structure of analytes the presence

of dendrimers differently influenced their resolution (see the
Table 2). For all studied chiral amines higher resolution was

This journal is © The Royal Society of Chemistry 20xx

obtained with PAMAM dynamically coated capillary. At these
conditions the CS is carried by the EOF that is in the opposite
direction of the migration of positively charged analytes
(counter-current mode)45. In order to detect the studied drugs
in the PAMAM G 2.0 modified capillary, negative voltage was
applied.

Optimal resolution of the drugs was achieved with different
amount of the CS. In the case of ephedrine the maximum
resolution was obtained at 5 % (w/v) of 2-HP-B-CD. At 20 %
(w/v) of CS the resolution values of ephedrine with and
without dynamic coating were similar. For the isoproterenol
the chiral separation was already achieved at a lower
concentration of 2-HP-B-CD (1 % (w/v)) and was notobtained
without PAMAM. The maximum resolution of isoproterenol
enantiomers was obtained for 10 % (w/v) concentration of CS
with PAMAM in the BGE, whereas for an uncoated capillary
was at 20 % (w/v) concentration. Enantioseparation of
tapentadol presents the similar decreasing trend in resolution
with increasing concentration of the CS for both coated and
uncoated capillary. However, the resolution was better in the
coated capillaries. The RSD of migration times at studied pH
4.4 for tapentadol was up to 1.05 % (at 0.1% (w/v) of 2-HP-B-
CD), for ephedrine up to 0.12 % (at 5% (w/v) of 2-HP--CD) and
for isoproterenol the RSD value did not exceed 0.30 % (at 10 %
(w/v) 2-HP-B-CD).

Table 2.Effect of 2-HP-B-CD concentration on resolution of
studied chiral drugs with (0.01 % (w/v)) and without PAMAM
as BGE additive.

Analyte Concentration of Average Average
2-HP-B-CD [%] resolution resolution
without with PAMAM
PAMAM G 2.0 (+RSD)
G 2.0 (+RSD)
Ephedrine 5.0 0.55 (+0.03) 0.72 (+0.01)
10.0 0.57 (0.03) 0.69 (+0.01)
20.0 0.55 (+0.01) 0.58 (+0.01)
Isoproterenol 1.0 - 0.76 (£0.02)
2.5 0.69 (+0.01) 1.47 (+0.01)
5.0 0.76 (+0.02) 1.90 (+0.01)
10.0 1.05 (+0.03) 2.03 (+0.01)
20.0 1.23 (+0.03) 1.95 (+0.01)
Tapentadol 0.05 0.79 (0.01) 1.49 (+0.02)
0.1 1.06 (0.01) 1.65 (+0.01)
1.0 0.62 (0.02) 0.59 (+0.01)
Next, the influence of the dynamic coating on the

migration order of the analytes was evaluated. The standard
addition method was applied for the peak identification.
Without addition of PAMAM the R,S-tapentadol migrates
before S,R-tapentadol, S,R-ephedrine before R,S-ephedrine
and R-isoproterenol before S-isoproterenol at positive polarity
of separation voltage. As was mentioned, the addition of
PAMAM G 2.0 to the sodium acetate pH 4.4 generate the
strong cathodic EOF and the reversal of migration order for all
studied analytes was observed. The change in the migration
order is not caused by the change of the enantioselectivity, but
only by the manipulation with the EOF direction. The

J. Name., 2013, 00, 1-3 | 3
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alteration of the migration order is desirable in the
pharmaceutical analysis, for determination of the minor
component in front of the major constituent.

Additionally, for all studied drugs, pH 2.5 was studied to
determine if an improved resolution could be obtained, see
the Fig. 1 in the ESI. At pH 2.5, the resolution of isoproterenol
was improved at even lower CS concentration, . The drawback
of the separation was the prolongation of the analysis time,
isoproterenol peaks migrates at 5.98 min, 6.06 min with
PAMAM at pH 4.4 and at 10.86 min and 11.18 min with
PAMAM at pH 2.5. Similarly, for the ephedrine lower pH
enhanced the resolution, but higher concentration of 2-HP-B-
CD and 30 kV were needed. The analysis time changed from
5.71 min and 5.76 min to 13.98 min and 14.17 min. For
tapentadol enantiomers the resolution also increased as well
as time of analysis, from 4.51 min and 4.61 min to 9.78 min
and 10.27 min. At pH 2.5 the addition of PAMAM reversed EOF
however, its magnitude was too low to transport the analytes
to the detector, thus all analyses were performed at positive
voltage. The low magnitude EOF at pH 2.5 allowed better
resolution of all drugs, but without the possibility of reversal
order of studied enantiomers.

Conclusions

Presented results proved that the use of PAMAM
dendrimers limits or eliminates the analyte adsorption
(isoproterenol), enables better resolution (ephedrine,
isoproterenol, tapentadol) or changes of the migration order
of the enantiomers (tapentadol, isoproterenol, ephedrine)
compared to the uncoated capillary. The time of analyses for
both coated and uncoated capillaries was comparable.

The proposed dynamic coating is easily prepared, quickly
applied and does not disturb the chiral separation, even
enhances the resolution. Such coated capillaries provide a
better choice to the laborious and more expensive
permanently coated capillaries.

Acknowledgements

The financial support by project GP13-10878P of the Czech
Science Foundation is gratefully acknowledged.

References

1 J. Horvath and V. Dolnik, Electrophoresis, 2001, 22, 644.

2 ). Znaleziona, J. Petr, R. Knob, V. Maier and J. Sev¢ik,
Chromatographia, 2008, 67, S5.

3 P. G. Righetti, C. Gelfi, B. Verzola and L. Castelletti,
Electrophoresis, 2001, 22, 603.

4 H. Stutz, Electrophoresis, 2009, 30, 2032.

5 S. V. Ermakov, M. Y. Zhukov, L. Capelli and P. G. Righetti, J.
Chromatogr. A, 1995, 699, 297.

6 T.Tsuda, J. High Resolut. Chromatogr., 1987, 10, 622.

7 A. Cifuentes, M. A. Rodriguez and F. J. Garcia-Montelongo, J.
Chromatogr. A, 1996, 742, 257.

4| J. Name., 2012, 00, 1-3

8 J.L. Beckers, P. Bocek, Electrophoresis 2002, 23, 1947.

9 T. Schmitt and H. Engelhardt, J. Chromatogr. A, 1995, 697,
561.

10 N. Funasaki, H. Yodo, S. Hada and S. Neya, Bull. Chem. Soc.
Jpn., 1992, 65, 1323.

11 B. Chankvetadze, Capillary Electrophoresis in Chiral Analysis,
John Wiley & Sons, New York, 1997.

12 1. S. Lurie, P. A. Hays and K. Parker, Electrophoresis, 2004, 25,
1580.

13 I. S. Lurie, P. A. Hays, A. E. Garcia and S. Panicker, J.
Chromatogr. A, 2004, 1034, 227.

14 I. S. Lurie, S. Panicker, P. A. Hays, A. D. Garcia and B. L. Geer,
J. Chromatogr. A, 2003, 984, 109.

15 1. S. Lurie, J. Bethea, T. D. McKibben, P. A. Hays, P. Pellegrini,
R. Sahai, A. D. Garcia and R. Weinberger, J. Forensic Sci., 2001,
46, 1025.

16 D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S.
Martin, J. Roeck, J. Ryder and P. Smith, Polym. J., 1985, 17, 117.
17 B. Klajnert and M. Bryszewska, Acta Biochim. Pol., 2001, 48,
199.

18 R. Esfand and D. A. Tomalia, Dendrimers and Other Dendritic
Polymers, eds. J. M. J. Fréchet and D. A. Tomalia, John Wiley &
Sons, Chichester, U.K, 2001, pp. 587—604.

19 Dense star polymers having core, core branches, terminal
groups, n.d. http://www.google.com/patents/US4507466,
(accessed October 2015), US 4507466 A, 1983.

20 Macromolecular highly branched homogeneous compound
based on lysine units, n.d.
http://www.google.com/patents/US4289872 (accessed October
2015), US4289872 A, 1981.

21 Macromolecular highly branched homogeneous compound,
n.d. http://www.google.com/patents/US4410688 (accessed
October 2015), US4410688 A, 1983.

22 E. Buhleier, W. Wehner and F. VoGtle, Synthesis, 1978, 9,
155.

23 N. T. Pourianazar, P. Mutlu and U. Gunduz, J. Nanoparticle
Res., 2014, 16, 1.

24 N. Spyropoulos-Antonakakis, E. Sarantopoulou, P. N.
Trohopoulos, A. L. Stefi, Z. Kollia, V. E. Gavriil, A. Bourkoula, P. S.
Petrou, S. Kakabakos, V. V. Semashko, A. S. Nizamutdinov and
A.-C. Cefalas, Nanoscale Res. Lett., 2015, 10, 210.

25 E. Roussi, A. Tsetsekou, D. Tsiourvas and A. Karantonis, Surf.
Coat. Technol., 2011, 205, 3235.

26 J. Wang, F.-L. Hu, C.-Q. Li, J. Li and Y. Yang, Sep. Purif.
Technol., 2010, 73, 349.

27 H.-J. van Manen, F. C. J. M. van Veggel and D. N. Reinhoudt,
Dendrimers 1V, eds. P. D. F. Vogtle and D. C. A. Schalley, Springer
Berlin Heidelberg, 2001, pp. 121-162.

28 R. Kreiter, A. W. Kleij, R. J. M. K. Gebbink and G. van Koten,
Dendrimers 1V, eds. P. D. F. Vogtle and D. C. A. Schalley, Springer
Berlin Heidelberg, 2001, pp. 163-199.

29 C. A. Kerr and R. de la Rica, Anal. Methods, 2015, 7, 7067.

30 A. U. Liyanage, E. U. Ikhuoria, A. A. Adenuga, V. T. Remcho
and M. M. Lerner, Inorg. Chem., 2013, 52, 4603.

31 N. Tanaka, T. Fukutome, T. Tanigawa, K. Hosoya, K. Kimata,
T. Araki and K. K. Unger, J. Chromatogr. A, 1995, 699, 331.

32 S. A. Kuzdzal, C. A. Monnig, G. R. Newkome and C. N.
Moorefield, J. Am. Chem. Soc., 1997, 119, 2255.

33 A.L.Gray and J. T. Hsu, J. Chromatogr. A, 1998, 824, 119.

34 M. Castognola, L. Cassiano, A. Lupi, I. Messana, M. Patamia,
R. Rabino, D. V. Rossetti and B. Giardina, J. Chromatogr. A, 1995,
694, 463.

35 Q. Liu, J. Tian, C. Zhang, H. Yang, Y. Liu, W. Qin and Z. Liu,
Electrophoresis, 2011, 32, 1302.

36 N. Polikarpov, V. Potolytsyna, E. Bessonova, S. Tripp, D.
Appelhans, B. Voit and L. Kartsova, J. Chromatogr. A, 2015, 1378,
65.

37 S. Liand W. C. Purdy, Chem. Rev., 1992, 92, 1457.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6



Please do not adjust margins

U
QD

Journal Name COMMUNICATION

1

2 38 R.C. van Duijvenbode, M. Borkovec, G.J.M. Koper, Polymer

3 1998, 39, 2657.

4 39

5 39 M. Castagnola, C. Zuppi, D.V. Rossetti, F. Vincenzoni, A. Lupi,

6 A. Vitali, E. Meucci, |. Messana, Electrophoresis, 2002, 23, 1769.
40 A. Aumatell, R. J. Wells and D. K. Y. Wong, J. Chromatogr. A,

7 1994, 686, 293.

8 41 J. Znaleziona, |. Fejos, J. Sevcik, M. Dousa, S. Béni and V.

9 Maier, J. Pharm. Biomed. Anal., 2015, 105, 10.

10 42 A. Avdeef, Absorption and Drug Development: Solubility,

11 Permeability, and Charge State, Second Edition, John Wiley &
Sons, New York, 2012.

12 43 Drug information: Isoprenaline, Accession Number

13 DB01064 (APRD00182), available from

14 ggtfszg/www.drugbank.ca/drugs/DBO1064, (accessed September

15 44 |. Fej6s, Y. He, G. Volgyi, A. Kazsoki, J. Sun, W. Chen, T.

16 Sohajda, L. Szente, X. Jiang and S. Béni, J. Pharm. Biomed. Anal.,

17 2014, 88, 594.

18 45 N.C. Amin, M.D. Blanchin, M. Ake, H. Fabre, J. Chromatogr.

19 A, 2012,1264, 1

20 46 M. Jaros, V. Hrugka, M. Stédry, |. Zuskova and B. Gas,

21 Electrophoresis, 2004, 25, 3080.

22 47 M. Jaro$, M. Stédry, V. Hruska, I. Zuskovd, B. Ga$ and

23 Database of constituents by T. Hirokawa, PeakMaster 5.1, 2005.

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5



©CoO~NOUTA,WNPE

Analytical Methods Page 6 of 6

~
[ —
1nm
L : )
26nm I3
o —_
-
L 2-HP-B-CD
PAMAM dendrimer G 2.0
PAMAM dynamic coating
30 %0 30 w0 3o/ AU o
I 15 S,R- RS-
10
1 5 ‘With PAMAM G 2.0
O —ess> ® o
EOF 5 €OF
1 -10
so so g0 so Vo 15,
- e e o 2 a min

CTAB dynamic coating

e 3o e 3¢ 3o/
]
! Any chiral separation!
o L rLel T1ié m ¥ chiral sep
\

so _so  so  so \so

304x203mm (96 x 96 DPI)



