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ABSTRACT: This work describes the preparation, the conformational analysis and the biological evaluation of some hy-
brid foldamers all containing the D-Oxd moiety alternated with a L-amino acid: while the cationic series contains both L-
Val and L-Lys moieties, the neutral series contains only the small L-Ala moiety. The conformational analysis of all the oli-
gomers suggested that only the longer oligomers of the L-Ala series fold into well-established helices, while the shorter 
oligomers containing L-Ala and all the oligomers of the cationic series give partially unfolded turn structures. All these 
molecules show a good biocompatibility, with no detrimental effects up to 64 µM concentrations.After equipping the 
foldamers with the fluorescent tag Rhodamine-B base, a quantitative analysis was obtained by dose and time response 
analysis by FACS of human HeLa cells, and primary blood lymphocytes, granulocytes and monocytes. Among the ana-
lyzed cells types, monocytes and granulocytes bind these oligomers with best efficacy, still visible after 24 h incubation. 
For the cationic foldamers the kinetics of cell association is slower than for the longer neutral versions. This outcome 
could be ascribed to the tendency of the latter ones to fold into stable helices, regardless of the presence of positive 
charges that can favor the cellular uptake.  

INTRODUCTION  

The understanding of sophisticated interplays between 
structure and function of molecules within complex sys-
tems is a great challenge in life sciences. Selective labeling 
of biomolecules with bio-physical probes in principle al-
lows for investigation and manipulation of proteins, en-
zymes or biochemical processes in vitro as well as in vivo.1 
Various biological and biophysical methods may be used 
to study the internalization mechanism, to localize and to 
quantify the peptides internalization together with their 
cargoes inside cells. Yet, any method has its pitfalls, so a 
combination of different approaches is often needed to 
have access to the large pictures. 

The fluorescence-based protocol requires the preparation 
of a peptide that is covalently coupled to a fluorophore. 
Its measurement by fluorescence (fluorimetry) enables 
the peptide indirect quantification and confocal micros-
copy allows its localization inside living cells.  

Rhodamine dyes are well known synthetic molecules used 
for fabrics dyeing and belong to the class of xanthene 
dyes.2 This fluorescent marker is used as fluorescent 
probe in biological studies, in structural microscopic 
studies, photosensitizers and laser dyes. It may be suc-
cessfully introduced in synthetic structures,3 called 
“foldamers”.4,5 This neologism refers mainly to medium-
sized molecules (about 500–5000 Dalton) that fold into 

definite secondary structures (i.e., helices, turns and 
sheets), thus being able to mimic biomacromolecules de-
spite their smaller sizes. Applications have ranged from 
cellular penetration 6 and membrane disruption to dis-
crete molecular recognition,7,8 while efforts to control the 
complex geometric shape of foldamers has entered the 
realm of tertiary and quaternary structures.9,10 

Hybrid foldamers, containing the 4-carboxy-5-methyl-
oxazolidin-2-one  (Oxd) unit alternated with an α- or β-
amino acid, have been extensively studied by our research 
group,11 as the Oxd moieties impart rigidity to the peptide 
chain,12–14 while the amino acids alternated with the D-
Oxd moieties promote folding into well-established sec-
ondary structures.15–17 In this work we describe the synthe-
sis, the conformational analysis and the cellular uptake of 
a series of hybrid foldamers, all containing the D-Oxd 
unit alternated with an L-α-amino acid, to check any pos-
sible relationship between their preferred conformations 
and their behavior towards leukocytes. In the past, some 
studies of the Gellman group provided experimental sup-
port for the hypothesis that the formation of a globally 
amphiphilic helix is not required for host-defense peptide 
mimicry,18 as also amphiphilic conformations of random 
copolymers without any helical structure were proven to 
exhibit potent antibiotic activity. 

Our compounds have been synthesized in high yield and 
their preferred conformation has been analyzed with sev-



 

eral techniques both in solution and in the solid state. For 
the biological essays, the foldamers where further func-
tionalized with Rhodamine B, that allows to measure 
their interactions with cells by fluorescence techniques.19 
For an efficient synthesis of all the conjugates, we devel-
oped a cheap and straightforward protocol to introduce 
Rhodamine B in a polypeptide chain, based on a micro-
wave-assisted reaction.  

 

RESULTS AND DISCUSSION 

Foldamer synthesis 

We prepared a series of oligomers with general formula 
HCl.H-(L-Xaa-D-Oxd)n-L-Ala-Piperazine-Rhodamine B 
(Figure 1) with modification of either the foldamer skele-
ton or the chain length, to investigate whether the nature 
of the alternated L-amino acid modifies the foldamers 
preferred conformations, possibly affecting their cellular 
uptake. 

 

 

Figure 1. General structure of the foldamers prepared for the 
cellular uptake. 

 

D-Oxd-OBn was obtained in high yield starting from D-
threonine in multigram scale,17 and coupled with protect-
ed L-valine or L-lysine in the presence of HBTU and DIEA 
to prepare 1 and 2 that are used to access complex folda-
mers (Schemes 1 and 2, for all the synthetic details, see 
SI). These amino acids have been chosen as they have 
very different polarity, being L-Val a neutral and highly 
branched amino acid, while L-Lys is a basic and hydro-
philic amino acid. These moieties have been extensively 
used in the preparation of antimicrobial peptides,18,20,21 as 
they may furnish to the backbone a lipophilic chain alter-
nated with a cationic chain, that are both needed to cross 
the microbial cell membrane.18  

 

 
Scheme 1. Reagents and Conditions: (i) HBTU (1.1 equiv.), 
Et3N (2 equiv.), dry CH3CN, 1 h, r.t. 

 

Compound 2 was prepared using Boc-L-Lys(2Cl-Z)-OH, as 
the 2Cl-Z group is stable towards hydrogenolysis under 
mild conditions (Scheme 1). Complex foldamers 3, 5 and 7 
and the corresponding fully deprotected oligomers 4, 6 
and 8 have been prepared in solution alternating the hy-
drophilic and the lipophilic moieties with high yields 
(Scheme 2). For the biological essays of compounds 4, 6 
and 8 chloride counterions are needed, so the usual 
deprotection strategy based on trifluoroacetic acid was 
replaced with a protocol envisaging hydrochloric acid,22 
that afforded fully deprotected oligomers as hydrochlo-
ride salts in high yield. 

 

 
Scheme 2. Reagents and Conditions: (i) H2, Pd/C (10%), 
MeOH, r.t., 16 h; (ii) TFA (18 equiv.), dry CH2Cl2, r.t., 4 h; (iii) 
HBTU (1.1 equiv.), Et3N (2 equiv.), dry CH3CN, 1 h, r.t.; (iv) 
Pd/C (10%), 11 M HCl, dry MeOH, 4 h, r.t; then 2,2,2-
trifluoroethanol, dry CH2Cl2, 3 h, r.t. 

To cross-check our interpretation, we have synthesized 
the fully deprotected foldamers HCl.H-(L-Ala-D-Oxd)n-
OH (n = 2, 4, 6, 8) 9, 10, 11 and 12, which contain neither 



 

sterically demanding residues nor functionalized side-
chains.  

 

Foldamers Biocompatibility Evaluation 

The biocompatibility of fully deprotected oligomers of 
both series was checked. HeLa cells were seeded and in-
cubated for 24h with compounds 4, 6, 8, 9, 10, 11 and 12 at 
different concentrations, then cells were washed, MTS so-
lution was added and  the absorbances were read by an 
ELISA reader after 30 minute incubation. All tested oli-
gomers have demonstrated to be non-toxic up to 64 µM 
and after a 24 hours incubation to HeLa cells, as assayed 
by MTS test, irrespective of length and charge (Figure 7). 
This outcome suggests a good biocompatibility of our 
foldamers formulations.  

 

Figure 7. MTS assay performed on the fully deprotected 
foldamers HCl.H-(L-Val-D-Oxd-L-Lys-D-Oxd)n-OH 4, 6 and 
8 and HCl.H-(L-Ala-D-Oxd)n-OH 9, 10, 11 and 12.  Percentage 
of alive cells were obtained with respect to control cells. Re-
sults are representative of one experiment run in triplicate.  

Synthesis of the Rhodamine Containing Oligomers  

Usually fluorescently labelled peptides or foldamers are 
prepared by reaction of N-deprotected oligomers with 
fluorescein isothiocyanate,48 a readily available although 
quite expensive reagent. We developed a new method to 
prepare a derivative of the cheap Rhodamine B base that 
may be easily used to prepare fluorescent bioconjugates. 
By modification of a well known procedure,49,50 we added 
Rhodamine B base to piperazine-trimethyl aluminium in 
toluene (Scheme 3). The reaction mixture was stirred un-
der microwave irradiation at 50 W for 1 h, then acidified, 
filtered and purified by crystallization. The resulting de-
rivative piperazine-Rhodamine B 13 was obtained in excel-
lent yield and was then coupled with Boc-L-Ala-OH in the 
presence of HATU e DIEA in high yield to afford pure 
Boc-L-Ala-Piperazine-Rhodamine B 14 after flash chroma-
tography. 

 

Scheme 3. Reagents and Conditions: (i) AlMe3 (2 equiv.), pi-
perazine (4 equiv.), toluene, MW 50W, 1h; (ii) Boc-L-Ala-OH 
(1 equiv.), HATU (1.1 equiv.), DIEA (2 equiv.), dry acetonitrile, 
1 h, r.t. 

To gain deeper insight into the influence of foldamer na-
ture (preferred conformation, charge, length, etc.) on cel-
lular uptake, five foldamers have been chosen to be cou-
pled with 14 by straightforward peptide coupling reac-
tions described in Scheme 4. The synthetic pathway for 
the preparation of fluorescent foldamers 16, 18, 20, 22 and 
24 is reported in Scheme 4. 

 

 

Scheme 4. Reagents and Conditions: (i) H2, Pd/C (10%), 
AcOEt, r.t., 2 h ; (ii) TFA (18 equiv.), dry CH2Cl2, r.t., 4 h; 
(iii) HATU (1.1 equiv.), DIEA (3 equiv.), dry CH3CN, 1 h, 
r.t.; (iv) H2, Pd/C (10%), 12M HCl (4 equiv.), AcOEt, r.t., 2 
h. 

 

Biological Evaluation of the Rhodamine Containing 
Foldamers 

The qualitative analysis was performed with human mon-
ocytes purified from buffy coats of healthy donors, seeded 
and incubated for 18 h with selected foldamers at different 
concentrations.  

Confocal microscopy analysis of cells incubated with the 
Rhodamine-conjugated foldamers indicates that all the 
analyzed Rhodamine-labelled analogues of neutral and 
cationic foldamers are readily captured by monocytes and 
internalized in endocytic vesicles (all the results are 
shown in Figure S9), although the best result is obtained 
with 22 (Figure  8). Confocal analysis indicates that cells, 



 

although not affected by oligomers, can capture them. 
The cytosolic distribution of the fluorescence signal of la-
belled analogues is punctuated and clearly reminiscent of 
an endocytic mechanism of cell accumulation in mono-
cytes.  

 

Figure 8. Confocal analysis of human monocytes after purifi-
cation from buffy coats of healthy donors, seeding and incu-
bation for 18h with 22 (20 µM). The cells were washed with 
PBS and directly analyzed by confocal microscopy.  

 

After this qualitative analysis, a quantitative analysis of all 
the oligomers was carried out by a dose and time re-
sponse analysis by Fluorescence Activated Cell Sorting 
(FACS) of primary human blood cells (lymphocytes, 
granulocytes and monocytes) and the tumor derived non-
leukocyte human cell line HeLa (human ovary sarcoma). 
Purified human lymphocytes, granulocytes and mono-
cytes and HeLa cells were incubated for 3 hours or 24 
hours with foldamers 16, 18, 20, 22 and 24 (Table 2), to-
gether with L-Ala-Piperazine-Rhodamine B as a compari-
son (Figure S10). The cells were then washed with PBS, 

recovered and directly analyzed by cytofluorimetry. Both 
the cell capture efficacy and the selectivity are modulated 
by length, charge and conformation of the foldamers. In 
the case of the (L-Ala-D-Oxd)n series, 22 shows the best 
cell association after a 3 h incubation, followed by 24, 
while 20 is captured only slightly more than the back-
ground (estimated by cell association of simple Rhoda-
mine dye, see Figure S10). Monocytes and granulocytes 
are targeted more effectively than HeLa cells and lympho-
cytes both by 22 and by 24. Such a cell-binding pattern is 
maintained also after 24 h incubation. Collectively data 
indicate that 22 is taken up by cells better than shorter 20 
or longer 24 analogues and can preferentially target blood 
myeloid cells (monocytes and granulocytes) than lym-
phoid and epithelial cells. 

Since cells have a negative superficial charge, we studied 
the effect of a Lys residue in the structure of foldamers 16 
and 18 of the (L-Val-D-Oxd-L-Lys-D-Oxd)n series. The in-
troduction of a positively-charged moiety in the sequence 
of 16 increases cell capture compared to 20, although with 
a slow kinetics, being the improvement better visible after 
24 h than after 3 h. In contrast, the introduction of three 
positive charges in foldamer 18 decreases its cell capture 
efficacy compared to 22, and this effect is marked after 
short incubation time. In both cases the kinetics of cell 
association was slower that for neutral versions, reaching 
higher values after 24 h incubation. Cell selectivity re-
mained the same as for neutral foldamers.  

 

  



 

Table 2. Association of foldamers 16, 18, 20, 22 and 24 to different human cells after 3 hours incubation (left) and after 24 
hours incubation (right). Results are representative of one experiment run in duplicate. MFI: mean fluorescence intensity. 

Foldamer After 3 hours After 24 hours 

 

 

 

 

 

16 

  

 

 

 

 

 

18 

 
 

 

 

 

 

 

20 

 
 

 

 

 

 

 

22 

  

 

 

 

 

 

24 

  

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

1000

2000

3000

4000

5000

6000

7000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa

0 5 10 15 20

0

2000

4000

6000

8000

M
F

I

Concentration (M)

 Lymphocytes

 Granulocytes

 Monocytes

 HeLa



 

Conformational Analysis 

The preferred conformation of the oligomers 3, 5 and 7 of 
increasing length was analyzed by FT-IR, 1H NMR and 
ECD spectroscopy. Only the shortest oligomer 3 was ob-
tained as crystals of sufficient quality for a single-crystal 
X-ray diffraction investigation (see below). 

FT-IR spectroscopy analysis in solution helps detecting 
the formation of intramolecular N-H•••O=C hydrogen 
bonds. Non-hydrogen-bonded amide N-H groups exhibit 
a stretching signal above 3400 cm-1, while hydrogen-
bonded groups produce a stretching band below 3400 cm-

1 (Figure 2a).23 All studied foldamers feature free N-H am-
ide groups in CH2Cl2 solution. However, when moving 
from 3 to 7, the amount of intramolecular N-H•••O=C hy-
drogen bonds increases as shown by a broad band cen-
tered at about 3250 cm-1. Such a band is totally absent in 
the spectrum of 3, is weak in 5 and becomes dominant in 
7. The carbonyl stretching bands are in agreement with 
this trend (Figure 2b). The spectrum of 7 shows a strong 
band at 1665 cm-1, typical of hydrogen-bonded carbonyl 
groups.  A weak band at the same wavenumber may be 
found also in the spectrum of 5, while it is totally absent 
in 3. These results suggest that the shortest oligomer 3 is 
not organized in secondary structures and the organiza-
tion rises as the chain length increases.  

 

 

Figure 2. (a) N-H and (b) C=O stretching regions of the IR 
absorption spectra of oligomers 3, 5, and 7 in CH2Cl2 solution 
(3 mM, room temperature). 

A confirmation of these results was obtained by investi-
gating the DMSO-d6 dependence of NH proton chemical 
shifts in NMR spectra.24 DMSO is a strong hydrogen bond 

acceptor and causes a considerable downfield shift of the 
proton signal when bound to a free NH proton.25 In Table 
1 we present the results of such an analysis for foldamers 
3, 5 and 7 in the form of chemical shift variations 

() upon NH titration with DMSO-d6 (the interested 
reader may consider Figure S1). The NH-Boc and NH-2Cl-
Z groups, whose NH chemical shifts lie at about 5-6 
ppm,26 are omitted as scarcely informative, moreover the 
NH-2Cl-Z groups would not be involved in the helix for-

mation. Compounds 3 and 5 give large  values of about 
1 ppm, suggesting that their NH hydrogens are not in-
volved in intramolecular H-bonding. By contrast, the five 
NH groups of longer foldamer 7 are less sensitive to 
DMSO-d6 addition and display moderately to strongly re-

duced  values (0.77 to 0.33 ppm). Thus, according to 
both NMR and IR spectroscopies 7 entails the largest pro-
portion of intramolecularly H-bonded NH groups. Notice, 
however, that solution IR spectra (Figure 2) point to the 
presence of free NH amide groups in all studied foldamers 
plus H-bonded NH’s in 5 and, to a greater extent, in 7, 
thus confirming that molecules tend to form a folded 
structure but with some remaining equilibria between 
folded and unfolded conformations. 

ROESY analysis of 7 in CDCl3 (Figure S2) showed no NH-
NH cross peaks typical of helical secondary structures. 

 

Table 1.  (ppm) for amide-NH titration in foldamers 3, 
5 and 7.  

Compound NH(1) NH(2) NH(3) NH(4) NH(5) 

3 0.95     

5 0.97 0.95 0.98   

7 0.77 0.67 0.36 0.38 0.33 

 

Unfortunately, the electronic circular dichroism (ECD) 
spectra of 3, 5 and 7 are not very informative due to the 
presence of the protecting aromatic groups, so ECD was 
used to pursue conformational studies on the fully depro-
tected foldamers 4, 6 and 8 in water solution (3 mM) at 
room temperature.  

 

Figure 3. Normalized per-residue ECD spectra of compounds 
4, 6 and 8 in H2O solution (3 mM, room temperature). 
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The per-residue ECD spectra of the three compounds 
(Figure 3) are nearly superimposable and display a strong 
negative signal at 182-185 nm, a positive band at 202-204 
nm, and finally a broad and weak negative band centered 
at 242 nm. The modest variations among the three spectra 
suggest that the longer oligomers do not assume a helix 
conformation but rather fold in a turn conformation.27 
Unlike the α-helix and β-sheet, there is no unique ECD 
signature for turns because of the range of conformers 
included in this structural category.28 Various spectral 
patterns were predicted, but the predominant one had a 
weak negative n →π∗ band at 220–230 nm and two strong 
π →π∗ bands, a positive one at 200–210 nm and a negative 
one at 180–190 nm.29 The turn preferred conformation 
may be attributed to the presence of sterically demanding 
residues with β-branched side chains or to residues which 
can form side-chain to main-chain intra-strand H-bonds.  

The ECD spectra of the the fully deprotected foldamers 
HCl.H-(L-Ala-D-Oxd)n-OH (n = 2, 4, 6, 8) 9, 10, 11 and 12, 
recorded in the same experimental conditions as Figure 3, 
are presented in Figure 4. The spectra of the shorter oli-
gomers 9 and 10 are similar to those of the HCl.H-(L-Val-
D-Oxd-L-Lys-D-Oxd)n-OH series, with a strong negative 
signal at 185 nm, a positive band at 201 nm and a broad 
negative band centered at 230 nm.  

In contrast, the spectrum of 11 displays a strong positive 
signal at 193 nm and two negative bands centered at 208 
and 228 nm respectively, with R = [θ]228/[θ]208 = 0.75, like 
the parent Boc-(L-Ala-D-Oxd)6-OH.15 This is the typical 
ECD signature of 310 helices, in agreement with the work 
of Toniolo and coworkers 30,31 and with theoretical calcula-
tions.32 Both experimental and theoretical studies point to 
the following main characteristics of the 310-helix: (a) a 
negative ECD band centred near 207 nm; (b) a negative 
shoulder in the vicinity of 222 nm; (c) a R = [θ]222/[θ]207 
ratio smaller than the value reported for the α-helical 
peptides, that usually exhibit an R of about 1; (d) a posi-
tive maximum al 198 nm.  

Finally the longer foldamer 12 displays the ECD spectrum 
characteristic of an α-helix, with a negative band at 226 
nm attributable to the n → π∗ transition of the peptide 
group. The peptide π → π∗ transition gives rise to the re-
maining two bands, through exciton splitting: the nega-
tive band at 201 nm (parallel exciton band) and the posi-
tive band at 188 nm (perpendicular exciton band). In this 
case the R = [θ]226/[θ]201 ratio is 0.85. 

 

Figure 4. Normalized per-residue ECD spectra of compounds 
9, 10, 11 and 12 in H2O solution (3 mM, room temperature). 

 

From the ECD analysis we could demonstrate that all cat-
ionic foldamers and the short neutral ones have the same 
ECD signature, suggesting that they assume a rather un-
folded conformation, while the longer neutral foldamers 
show spectra typical of helices. To probe the confor-
mation of these materials in the solid state, we tried to 
crystallize foldamers of the two series in both protected 
and deprotected forms. Since it is known that crystalliza-
tion is more difficult for enantiomerically pure chiral 
molecules than for the corresponding racemates,33–36 we 
also synthesized enantiomers and prepared racemates. It 
is still not clear whether more facile crystallization of ra-
cemic protein mixtures is a general phenomenon,37 but 
racemic crystallization has been extensively studied for 
proteins, short peptides38 and DNA.39 Recently, this tech-
nique and X-ray crystallography have been successfully 
applied to the determination of the unknown structure of 
snow flea antifreeze protein (sfAFP),40 and of the crystal 
structures of seven tripeptides in enantiomeric and race-
mic forms.41 

After several attempts, X-ray quality crystal of rac-Boc-L-
Ala-D-Oxd-OBn, Boc-(D-Ala-L-Oxd)2-OBn and Boc-L-
Val-D-Oxd-L-Lys(2Cl-Z)-D-Oxd-OBn (3) were grown by 
slow evaporation of ethyl acetate or chloroform solutions. 
Crystals of Boc-(D-Ala-L-Oxd)2-OBn were obtained from 
the racemate and spontaneous resolution thus occurred 
during crystallization (see Experimental Section for de-
tails on absolute structure determination). Unfortunately 
we were not able to grow suitable crystals of the longer 
foldamers. The molecular structures of Boc-L-Ala-D-Oxd-
OBn, Boc-(L-Ala-D-Oxd)2-OBn and 3 are depicted in Fig-
ures 5 and 6 (for an easier comparison, we show enantio-
mers with the same absolute configuration at correspond-
ing chiral centers). Additional plots of molecular and 
crystal structures are provided as Figures S3-S8. All crystal 
data and refinement parameters are given in Table S1 
while the geometry of hydrogen-bond interactions and 
conformational data are gathered in Tables S2-S4 and S5-
S7, respectively. 
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In the solid state, the three compounds do not form in-
tramolecular N-H····O=C hydrogen bonds. Amide nitro-
gen atoms are involved only in intermolecular hydrogen 
bonds or in no H interaction at all, like for the amide ni-
trogen N1 in Boc-(D-Ala-L-Oxd)2-OBn. The emerging pic-
ture thus agrees well with solution IR and NMR data (see 
above and Ref. 15). Secondary structure relies just on C-

H···O interactions: in the three studied foldamers, the -
carbon atom of each amino acid residue has an H contact 
with the endocyclic carbonyl oxygen of the neighboring 
Oxd moiety (see legend to Figures 5 and 6 for details). 
Such a nonclassical hydrogen bond is commonplace in 
the solid state structure of Oxd-based foldamers11,15,42,43 
and persists in solution, as judged by the chemical shift of 

-protons in NMR spectra.14,15,17,44 

Turning now to intermolecular interactions in the solid 
state, the crystal lattice of rac-Boc-L-Ala-D-Oxd-OBn en-
tails centrosymmetric supramolecular dimers held to-
gether by a pair of N-H···O=C bonds between the two an-
tiparallel peptide segments, with HN1···O1’ = 2.305(16) Å 
and N1-HN1···O1’ = 156.7(13)° (Figure S4). Molecules of 
Boc-(D-Ala-L-Oxd)2-OBn and 3 are arranged in chains 
that run parallel to the b axis and are generated by the 21 
screw axis (Figures S6 and S8). In the two compounds, a 
classical H-bond is formed between the amide nitrogen 
N3 and carbonyl oxygen O2 of the same peptide segment, 
but belonging to a neighboring, antiparallel molecule in 
the chain, with HN3···O2’ = 2.05(2)/1.914(18) Å and N3-
HN3···O2’ = 160(3)/173(2)° in Boc-(D-Ala-L-Oxd)2-OBn/3. 
In Boc-(D-Ala-L-Oxd)2-OBn, the carbonyl oxygen O3 is 
engaged in a further H-contact along the chain with the 
L-Oxd1 tertiary carbon C17 (H17’···O3 = 2.38 Å, C17’-
H17’···O3 = 135.1°). A similar chain-like supramolecular ar-
rangement based on a single classical H bond was previ-
ously found in Boc-(L-Phe-D-Oxd)n-OBn, the alignment 
of peptide units being parallel and antiparallel for n = 1 
and 2, respectively.45,46 The two remaining amide nitro-
gens N1 and N5 of 3 are engaged in further contacts along 
the chain with one oxygen atom of the 2Cl-Z group 
(HN1···O12’ = 2.305(18) Å, N1-HN1···O12’ = 165(2)°) and 
carbonyl oxygen O1 (HN5’···O1 = 2.171(17) Å, N5’-HN5’···O1 
= 172(2)°), respectively. Finally, a C-H···O contact occurs 
between the D-Oxd2 tertiary carbon C7 and the D-Oxd1 
endocyclic carbonyl oxygen O9 (H7···O9’ = 2.35 Å, C7-
H7···O9’ = 157.6°). The three compounds entail many oth-
er C-H···O contacts with H···O > 2.3 Å which provide po-
tential nonclassical H bonds of both intra- and intermo-
lecular nature (Tables S2-S4). 

 

 

Figure 5. Molecular structure of (a) Boc-L-Ala-D-Oxd-OBn 
molecule in rac-Boc-L-Ala-D-Oxd-OBn and of (b) Boc-(L-
Ala-D-Oxd)2-OBn, obtained by inversion of the experimental 
model. Atoms are drawn as spheres with arbitrary radius. La-
bels are provided for all N and O atoms, for backbone car-
bons as well as for C and H atoms relevant to H bonding. 
Color code: C = dark grey, N = blue, O = red, H = light grey. 
Intramolecular nonclassical H bonds are represented as yel-
low dotted lines. Selected interatomic distances (Å) and an-
gles (°): in (a), H1···O5 = 2.290(13), C1-H1···O5 = 121.2(10); in 
(b), H1···O9 = 2.27, C1-H1···O9 = 119.1, H5···O11 = 2.38, C5-
H5···O11 = 112.8. 

 

Figures 5 and 6 and inspection of backbone torsion angles 
(Tables S5-S7) indeed show that the three compounds 
adopt similar, partially extended conformations, in 
agreement with ECD studies. In Boc-L-Ala-D-Oxd-OBn 

and Boc-(L-Ala-D-Oxd)2-OBn, the angles () at L-Ala 

residues span the range -87.4  -70.3° (147.4  173.4°) and 
correspond approximately to the values found in PPII 
structure.47 The conformation at the L-Val and L-Lys resi-

dues in 3 ( = -134.3  -132.2°,   = 150.6  172.0°)  is more 

reminiscent of peptide  strands. The large || values at 
amino acid residues in the three structures reflect the fact 

that C-N and C(O)-NOxd bonds adopt an anti confor-



 

mation which brings the endocyclic carbonyl oxygen of 

Oxd in a suitable position to interact with the C-H 
group.  

 

Figure 6. Molecular structure of 3 with atoms drawn as 
spheres with arbitrary radius. Labelling criteria, H-bond rep-
resentation and color code are the same as in Figure 5, plus 
Cl = green. Selected interatomic distances (Å) and angles (°): 
H1···O9 = 2.28, C1-H1···O9 = 115.0, H5···O11 = 2.32, C5-H5···O11 
= 113.5. 

 

Much smaller values would be required to establish a H 
bond with the N-H group, as found in L-Ala2-D-Oxd2 
pair of a similar derivative featuring a different protecting 

group at the N terminus ( = -36.9°).42 

Because of the structural constraints imposed by the five-

membered ring, the || values at D-Oxd residues span a 

limited range (64.1  81.5°). Omitting the D-Oxd2 residue 

in 3, the corresponding || angles are also similar in the 

three compounds (-175.7  -152.0°). The much smaller || 

value at the D-Oxd2 residue in 3 ( = 20.8°) reflects a syn 
conformation of the OBn termination vs. the C7-N4 bond, 
as opposed to the anti conformation shown by the same 
structural fragment in Boc-L-Ala-D-Oxd-OBn and Boc-(L-
Ala-D-Oxd)2-OBn. 

Comparing the capacity of oligomers with different length 
to accumulate in different cell types provides interesting 
results. First, the length of the oligomers strongly modu-
lates the capture by any cellular model. While short oli-
gomers weakly interact with cells, 24 and, more intensely, 
22 show a clearly improved cell-association capacity al-
ready after a 3 h incubation. This outcome could be as-
cribed to the tendency of 22 and 24 to fold into stable hel-
ices, regardless of the presence of positive charges that in 
principle should favor the cellular uptake. In fact, among 
the analyzed cells types, monocytes and granulocytes 
bind these oligomers with best efficacy (6-7 times more 
effectively than HeLa and lymphocytes). Such a sustained 
cell capture is still visible after 24 h incubation. This is an 
interesting possibility in line with our previous works 51,52 
in which we demonstrated that only those Aib-based 
foldamers that form a precise helical-spherical domain 
can target human monocytes, macrophages and dendritic 
cells more effectively than not-immune cells. Given the 
different chemical structure of the herein characterized 
molecules, our new evidence further supports the hy-
pothesis that foldamers with α-helix-like frameworks can 
favor the binding to inflammatory cells, independently of 
their charge and chemical nature. 

These oligomers may thus be regarded as possible target-
ing agents of small drugs for several reasons: they are in-
trinsically non-toxic to cells at relatively high doses; 
moreover, if long enough, they show a peculiar cell target-
ing preference, being rapidly and more effectively inter-
nalized in human blood myeloid cells, like monocytes and 
granulocytes. Although the biochemical basis for such cell 
selectivity, especially displayed by long (> 2 units) and 
neutral oligomers, has still to be understood, the present 
formulations or improved analogues may be used to tar-
get specific cell types. For example, anti-inflammatory 
drugs may be coupled to appropriate 18, 22 or 24 oligo-
mers and directed more selectively to mono-
cytes/granulocytes. Similar foldamers may be refined and 
serve as alternative targeting agent also for nanoparticles 
in nanomedicine. 

 

CONCLUSION 

Some selected foldamers containing the D-Oxd moiety 
alternated with a L-amino acid and coupled with Rhoda-
mine-B base have been prepared to check their behavior 
towards purified human lymphocytes, granulocytes, 
monocytes and HeLa cells.  

The conformational analysis performed in solution and in 
the solid state suggests that only the longer oligomers of 
the L-Ala series fold into well-established helices, while 
the shorter oligomers containing L-Ala and all the oligo-
mers of the cationic series give partially unfolded turn 
structures. All these molecules show a good biocompati-
bility, as they show no detrimental effects up to 64 µM 
concentrations. 

A quantitative analysis was obtained by dose and time re-
sponse analysis by FACS of human HeLa cells, and prima-
ry blood lymphocytes, granulocytes and monocytes incu-



 

bated with foldamers using L-Ala-Piperazine-Rhodamine 
B as a comparison. Among the analyzed cells types, mon-
ocytes and granulocytes bind these oligomers with best 
efficacy (6-7 times more effectively than HeLa and lym-
phocytes).  Such  a sustained cell captured is still visible 
after 24 h incubation. 

The cationic foldamers have a kinetic of cell association 
slower than what we found for the neutral versions. This 
outcome could be ascribed to the tendency of 22 and 24 
to fold into stable helices, regardless of the presence of 
positive charges that in principle should favor the cellular 
uptake.  

The bio-compatibility and versatility of these new non-
biological oligomers make them a promising base for im-
provement of drug delivery and for cell selective target-
ing, as they are intrinsically non-toxic to cells at relatively 
high doses, and show a peculiar cell targeting preference, 
being rapidly and more effectively internalized in human 
blood myeloid cells, like monocyte and granulocytes. Sim-
ilar foldamers may be refined and serve as alternative tar-
geting agent also for nanoparticles in nanomedicine. 

 

EXPERIMENTAL METHODS 

Synthesis. Solvent were dried by distillation before use. 
All reaction were carried out in dried glassware. The melt-
ing points of the compounds are uncorrected. High quali-
ty infrared spectra (64 scans) were obtained with an ATR-
FT-IR Bruker Alpha System spectrometer. All spectra 
were measured in solutions at 3 mM concentration in dry 
CH2Cl2 using a 1 mm NaCl cell, or at 1% w/w in dry KBr. 
All compounds were dried in vacuo and all the sample 
preparations were performed in a nitrogen atmosphere. 
NMR spectra were recorded with a Varian Inova 400 spec-
trometer at 400 MHz (1H NMR) and at 100 MHz (13C 
NMR). The measurements were carried out in D2O or in 
CDCl3. The proton signals were assigned by gCOSY spec-
tra. Chemical shifts are reported in δ values relative to the 
solvent (D2O or CDCl3) peak. The 4-carboxy-5-methyl-
oxazolidin-2-one (Oxd) was obtained by following the 
previously reported procedure.17 

ECD spectra – The ECD spectra were recorded at room 
temperature on a spectropolarimeter. Quartz cuvettes of 
0.2 and 1 mm path length were employed. Foldamers were 
dissolved in water, yielding clear solutions at approxi-
mately 3 mM concentration. The spectra were recorded 
between 180 and 300 nm for the far-UV and near-UV re-
gion, with 0.1 nm resolution.  32 scans were accumulated 
with a scanning speed of 100 nm/min and a time constant 
of 1 s and the solvent baseline was subtracted from the 
averaged spectra. Final spectra are presented in molar el-
lipticity. 

X-ray crystallography. Single-crystal X-ray diffraction 
studies were carried out at 115(2) K on compounds rac-
Boc-L-Ala-D-Oxd-OBn (from chloroform), Boc-(D-Ala-L-
Oxd)2-OBn (from chloroform) and 3 (from ethyl acetate) 
with a four-circle Bruker X8-APEX diffractometer 

equipped with a Mo-K generator ( = 0.71073 Å), an area 
detector and a Kryo-Flex cryostat, and controlled by 

Bruker-Nonius X8APEX software. The structures were 
solved and refined on Fo

2 by standard methods using the 
WINGX v2013.3 package 53 in conjunction with SIR92 54 
and SHELXL-2014/7 55 programs. Compound rac-Boc-L-
Ala-D-Oxd-OBn crystallizes in monoclinic space group 
P21/n (Z = 4) whereas crystals of Boc-(D-Ala-L-Oxd)2-OBn 
and 3 belong to monoclinic space group P21 (Z = 2). Disor-
der effects were limited to the 2Cl-Z substituent in 3, 
which was refined over two positions with 0.919(2) and 
0.081(2) occupancies. The minority component was re-
strained to have the same geometry as the majority com-
ponent within 0.01 and 0.02 Å for 1,2- and 1,3-distances, 
respectively. Furthermore, its NC(O)O and 2-Cl-Ph moie-
ties were restrained to be flat and all minority atoms were 
refined with a common isotropic displacement (ID) pa-
rameter. All remaining nonhydrogen atoms in the struc-
tures were refined anisotropically. Hydrogen atoms were 
assigned ID parameters but only in rac-Boc-L-Ala-D-Oxd-
OBn were they subject to unrestrained refinement. Amide 
hydrogens in Boc-(D-Ala-L-Oxd)2-OBn and 3 were refined 
independently with N-H distances restrained to 0.880(15) 
Å and a unique ID parameter in 3. Aromatic, tertiary and 
methylene hydrogens in Boc-(D-Ala-L-Oxd)2-OBn and 3 
were added in idealized positions and allowed to ride on 
the parent carbon atom, with U(H) = 1.2Ueq(C). Methyl 
hydrogens were also treated as riding contributors but 
with torsion angle refinement (AFIX 137), and a common 
ID parameter per CH3 group in Boc-(D-Ala-L-Oxd)2-OBn 
or U(H) = 1.5Ueq(C) in 3.  

Thanks to the chlorine atom in the partially-disordered 
2Cl-Z group, the absolute configuration expected for 3 
was confirmed by anomalous dispersion effects using Mo-

K radiation. In the same conditions, the absolute struc-
ture of Boc-(D-Ala-L-Oxd)2-OBn could not be established 
with certainty, but the Flack parameter (x) suggests that 
the measured crystal is likely to entail D-Ala and L-Oxd 
residues, as written (x = -1.4(5) vs. 2.4(5) for the inverted 
model). CCDC 1493119-1493121 contain the supplementary 
crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Cell isolation and culture. HeLa cells were maintained 
in DMEM medium (Gibco) supplemented with 10% FCS 
(Euroclone) and antibiotics (penicillin and streptomycin, 
Invitrogen) at 37°C in a humidified atmosphere contain-
ing 5% (v/v) CO2; cells were split every 2-3 days. 

Human Monocytes, PMNs and Lymphocytes were puri-
fied from Buffy Coats of healthy donors, kindly provided 
by the Centro Immunotrasfusionale, Hospital of Padova. 
Briefly, for monocytes purification, buffy coats were sub-
jected to two sequential centrifugations on Ficoll and Per-
coll gradient (GE Healthcare); residual lymphocytes were 
removed by incubation in 2% FCS RPMI at 37 °C and sub-
sequently removed by washing. Unless otherwise speci-
fied, cells were kept at 37 °C in a humidified atmosphere 
containing 5% (v/v) CO2 in RPMI-1640 supplemented 
with 10% FCS. For granulocytes purification, the pellet of 
cells obtained after the centrifugation on Ficoll gradient 
was subjected to dextran erythrocyte precipitation; resid-



 

ual erythrocytes were removed by hypotonic lysis in 155 
mM NH4Cl, 10 mM KHCO3, and 100 mM Na2EDTA at pH 
7.4 and cells were cultured in RPMI medium, supple-
mented with 10% FCS. For lymphocytes preparation, buffy 
coats were incubated with 50 μl/ml of Rosette Sep® Hu-
man T Cell Enrichment Cocktail (StemCell Technologies). 
Blood was then centrifuged over a Ficoll gradient and 
cells were cultured in RPMI medium, supplemented with 
10% FCS.  

MTS cytotoxicity assay. HeLa cells (1 x 106 cells/ml) were 
plated into a 96-well culture plate the day before the ex-
periment. Cells were then incubated for 18 h with differ-
ent oligomers at different concentrations (up to 50 µM) in 
DMEM additioned with 10% FCS. Cellular mitochondrial 
activity (indicator of cellular viability) was evaluated by 
MTS assay (Promega) according to the instruction manu-
al. 

Oligomer binding to cells. Intracellular distribution of 
labelled-oligomers was assessed by confocal microscopy. 
Human purified monocytes (2x105) were seeded on cover 
glasses and after 24h they were incubated for 18h at 37°C 
with oligomers, washed with PBS and directly analyzed by 
confocal microscopy (Leica SP2). Images were processed 
using ImageJ software. Alternatively, monocytes, granulo-
cytes, lymphocytes or HeLa cells (2x105 cells/well) were 
incubated with labelled-oligomers   for 3 or 24 hours at 
37°C. Cell MFI (mean fluorescence intensity) values were 
obtained by cytofluorimetry (FACSCanto, BD) and ana-
lyzed by FACSDiva Software (BD). 
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