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Abstract The aqueous solution behavior of thermoresponsive-
hydrophilic block copolypeptoids, i.e., poly(N-(n-
propyDglycine),-block-poly(N-methylglycine), (x = 70; y = 23,
42, 76), in the temperature range of 20—45 °C is studied.
Turbidimetric analyses of the 0.1 wt% aqueous solutions reveal
two cloud points at 7,,~30 and 45 °C and a clearing point in
between at 7~42 °C. Temperature-dependent dynamic light
scattering (DLS) suggest that right above the first collapse tem-
perature, single polymer molecules assemble into large structures
which upon further heating, i.e., at the clearing point temperature,
disassemble into micelle-like structures. Upon further heating, the
aggregates start to grow again in size, as recognized by the second
cloud point, through a crystallization process.

Keywords Polypeptoids - Block copolymers -
Thermoresponsive - Self-assembly

Introduction

Polypeptoids, i.e., poly(N-alkyl glycine)s, are an emerging
class of bioinspired materials mimicking polypeptides [1].
The physico-chemical properties of polypeptoids and the
aggregation/self-assembly behavior can be tuned by variation
of the N-alkyl side chains. Polypeptoids with short alkyl
chains, up to three carbon atoms, are hydrophilic, and those
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with longer alkyl chains are hydrophobic. A number of studies
examine the solubility properties [2—5], thermoresponsive be-
havior [3, 6-8], aggregation [9], crystallization in solution [3,
10] and in bulk [4, 11, 12], as well as non-fouling properties
[13], biocompatibility [9, 14, 15], and degradation [16] of
polypeptoids.

Particularly interesting, for instance as smart drug carrier
systems, are block copolypeptoids (or block copolymers in
general) [17, 18] with a thermoresponsive block and a perma-
nently hydrophilic block, which upon a change in temperature
turn amphiphilic and can self-assemble into discrete aggre-
gates, e.g., micelles or vesicles. We earlier introduced
poly(N-(n-propyl)glycine)-block-poly(N-methyl glycine)s,
which upon heating assemble into aggregates with a
poly(N-(n-propyl)glycine) core and poly(N-methyl glycine)
corona and continue to crystallize into very large anisotropic
particles [10]. However, during the heating process, prior to
crystallization, turbidimetric measurements revealed that the
sample solutions did not show just a single cloud point, as
could be expected, but two cloud points and a clearing point
in between. Such a behavior might indicate a complex multi-
step assembly process, as has earlier been reported for
thermoresponsive-hydrophilic poly(2-propyl-2-oxazoline)-
poly(2-ethyl-2-oxazoline) block copolymers [19]. For the
poly(2-oxazoline) sample, the aggregates formed at the first
cloud point were found to restructure and fragment into small-
er micelles, causing a clearing of the solution, and further
increasing of the temperature resulted in the dehydration of
both blocks and formation of large compact aggregates, caus-
ing the second cloud point.

Here, we examine the multistep aqueous solution behavior
of block copolypeptoids with a long thermoresponsive
poly(N-(n-propyl)glycine) block (70 units) and relatively
short or evenly long hydrophilic poly(N-methyl glycine)
block (23, 42, or 76 units), prior to the crystallization of the
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poly(N-(n-propyl)glycine) block. Phototurbidimetry and dy-
namic light scattering (DLS) were used to track the
thermoresponsive behavior, time-dependent DLS to examine
the kinetics of the association process, and transmission elec-
tron microscopy (TEM) to elucidate the structural features of
the associates.

Experimental section
Polymers

A series of three poly(N-(n-propyl)glycine),-block-poly(N-
methylglycine), (P,M,) (subscripts indicate the degree of po-
lymerization of the block) were synthesized by sequential nu-
cleophilic ring opening polymerization of the corresponding
N-alkyl glycine N-carboxyanhydrides, as described earlier
[10]. The molecular characteristics of the block copolypeptoid
samples are summarized in Table 1.

Sample preparation

Copolypeptoids were dissolved in the smallest possible vol-
ume of methanol and dried in air atmosphere overnight (to
erase any crystalline domains in the samples [10]), followed
by dissolution in chilled Millipore water at a concentration of
0.1 wt%. Stock solutions were stored at ~4 °C. Annealed
samples were prepared by inserting the appropriate amount
of stock solution into a septum-sealed vial and heating to
40 °C. Then, solutions were cooled down and used as stock
solutions for following analyses.

Analytical instrumentation and methods

Turbidity measurements were performed on a turbidimetric
photometer TP1 (Tepper Analytik, Wiesbaden, Germany) op-
erating at A = 670 nm. Samples were stirred during the

Table 1  Molecular characteristics of poly(N-(n-propyl)glycine),-
block-poly(N-methylglycine), (P,M,) copolypeptoids used in the
present study (data taken from [10])

Sample  f*® X ) M, (kg mol ') (M, /M,)™P ©
P2oMas 0.33 70 23 8.7 1.12
P,oMys 060 70 42 10.1 1.14
PoMys 109 70 76 125 1.17

* Hydrophilic (M)-to-hydrophobic (P) ratio, /= y/x.

® Degree of polymerization of the poly(N-(n-propyl)glycine) (P) block.
¢ Degree of polymerization of the poly(N-methylglycine) (M) block.

¢ Number-average molar mass.

¢ Apparent dispersity index
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heating/cooling cycles between 15 to 60 °C; heating/cooling
rate was 0.1 or 1 K/min.

DLS measurements were carried out on an ALV/CGS-3
instrument equipped with a 34-mW He-Ne laser operating at
A =632.8 nm, scattering angle 6 = 90°, or a Nano Zetasizer ZS
(Malvern) equipped with backscatter optics. Temperature-
dependent experiments were performed between 15 and
60 °C; temperature program: heating by 2.0 °C and
equilibration/measurement (3 measurements at constant tem-
perature) within 3 min; 7'+ 0.05 °C. The raw DLS data, ob-
tained as normalized autocorrelation functions g»(f), were an-
alyzed using the GENDIST software, which employs the
REPES algorithm to perform the inverse Laplace transforma-
tion [20]. All DLS data were taken as intensity-weighted dis-
tribution functions, while distributions diagrams are displayed
in the equal area representation, R,G(Ry,) [21, 22].

Analytical ultracentrifugation (AUC) measurements were
carried out using an Optima XL-I analytical ultracentrifuge
equipped with a Rayleigh interference optics. A 4-hole titani-
um rotor was operated at 25 °C and 60 K rpm. The samples
were filled in 12-mm double sector center pieces made from
titanium (Nanolytics, Potsdam, Germany). Sedimentation co-
efficient distributions were evaluated using the SEDFIT soft-
ware package [23].

TEM was performed with a JEM 1011 (JEOL), operating at
acceleration voltage of 80 kV. The 0.1 wt% aqueous solutions
were dropped on carbon-coated copper grids and examined in
the microscope after air-drying.

Results and discussion

The turbidity heating curves for the three block
copolypeptoids P7oM,3, P7oMy,, and P7gM¢ at 0.1 wt% (this
work) and, for comparison, at 1.0 wt% ( [10]) in water are
shown in Fig. 1a-b. Three distinct regions, i.e., a first clouding
region, followed by a period of clearing and a second clouding
region, are visible on the curves for P;oM,; and P;oM,, and
P;oM7¢, although for the latter sample at 0.1 wt% only one
transition (directly into region 3, see below) could be ob-
served. At the first cloud point temperature, Tcp“)~27—
36 °C, the Py, block segment collapses, and the polymer
chains self-assemble into aggregates, driven by hydrophobic
interactions. At the second cloud point temperature,
Tcp(2)~45 °C, the polymer-rich P,y phase of the aggregates
starts to crystallize to produce large aggregate particles
through a crystallization-assisted self-assembly process (see
also [3, 10]). The second region, i.e., intermediate period of
clearing (clearing point temperature, 7;,~40 °C), is not yet
understood and shall here be examined in more detail.

The turbidimetric heating/cooling curves for the 0.1 wt%
aqueous solutions of P;gM,3, P7oMy,, and P;oM; at different
heating/cooling rates, i.e., 0.1 and 1.0 K/min, are shown in
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Fig. 1 Turbidimetric heating/ a
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Fig. 1b—c. At the slower heating rate, the samples were
allowed to reach the third region at a higher temperature and
started to crystallize. Beyond this point, the process became
irreversible and dispersions remained cloudy even after
cooling back to room temperature (Fig. 1b), as expected from
our previous work [10]. However, when the sample P;oM,3
was heated to <40 °C at 0.1 or 1.0 K/min, the heating/cooling
cycles were reversible with hysteresis (Fig. 1b—c, gray lines).
On the other hand, when the solutions of P;yM,3 and P7oMy,
were thermally treated at the faster heating/cooling rate of
1.0 K/min (Fig. lc), the first two regions were passed, but
the third region, i.e., second clouding region, was not reached
even at the highest temperature of ~60 °C. Upon cooling, the
process could not, or just partially, be reversed. For sample
P;0M76, the clouding region could not be completed until
60 °C, but nonetheless the process was irreversible upon
cooling. These behaviors suggest that the association process-
es at a higher temperature occur under kinetic control.

In order to study the aggregation states of polymer chains from
the beginning through the first clouding period to the clearance
period, light scattering experiments were performed for 0.1 wt%
polymer solutions in the temperature range from ~20 to 60 °C with
an average heating rate of 0.6 K/min (Fig. 2). (Note: the heating of
samples in light scattering experiments was faster and followed a
temperature step profile, see Experimental section, which was dif-
ferent to the linear temperature profile in turbidimetric measure-
ments.) Scattering intensity data indicated firstand second clouding
points (onset of increasing light scattering intensity) and a clearing
point (onset of decreasing scattering intensity) (Fig. 2a); 7 o7,
and Tcp(z) values are summarized in Table 2. Interestingly, light
scattering revealed a clearing point for all three samples (73~42—
43 °C), whereas turbidity measurements showed clearing points for
P7oM,3 and P7oMy, but not for P;oMy. The difference might be

60 20 30 40 50 60
Temperature (°C)

50 60 20 30 40 50
Temperature (°C)

attributed to the different sensitivity of the two methods (measure-
ments of scattered light vs. transmission of light).

The transitions could also be recognized by the evolution
of hydrodynamic radii (R,) with temperature, see the 2D plots
for samples P7oM,3, P7oMy,, and P7oM7¢ in Fig. 2b. The cloud
point temperature (Tcp(l)) for each polymer sample could be
deduced from the inflection point when the hydrodynamic
radii start to increase, or, more visibly, when the distribution
function becomes narrow (as indicated by a more intensive
color in Fig. 2b). Below T; cp(l), however, some polymer aggre-
gates with R,~100 nm could be observed (see below). The
distributions functions reveal that the aggregates exhibit a
high polydispersity (broad distribution), and polydispersity
increases in the row P;9M,3; < P7gMy, < P7oM74 as
0.42 <0.61 <0.73 (£0.01) (polydispersity values were taken
as standard deviation from fitting experimental distributions
by log-normal distribution function). Moreover, an additional
mode could be detected for samples P,oMy, and P;oM-4
(Fig. 2c), which exhibits a low intensity and corresponds to
species with a size of 2-3 nm, i.e., molecularly dissolved
polymer chains. However, it should be considered that the
amount of polymer aggregates in solution could be largely
overestimated by light scattering experiments (scattering in-
tensity « R®). In fact, AUC (data not shown) revealed just one
slowly sedimenting species, suggesting that the predominant
fraction in solution should be single polymer chains and not
aggregates (or aggregates in just marginal amounts), as could
be expected for dilute aqueous solutions of double-
hydrophilic block copolymers (see also [24]).

Above Tcp(l), aggregates were formed which were remain-
ing about constant in size, while the polydispersity values
were decreasing. The following values for hydrodynamic radii
and standard deviations (in brackets) at 40 °C were obtained:
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Fig. 2 Light scattering intensity data (solid circles, 6 = 90°; open circles,

backscatter optics) (gray areas indicate the clearing region 2) (a) and 2D

plots of distributions of hydrodynamic radii (Ry,, € = 90°) vs. temperature

P70M23 Rh =103 nm (013), P70M42 Rh =128 nm (025), and
P7oM76 R, = 75 nm (0.49). When a temperature of 4345 °C
was reached, i.e., the temperature region of clearing, the sys-
tem properties were changing abruptly: the radii distributions
became wider and two fractions of aggregates with R, = 15—

Table 2

15 20 25 30 35 40 45 50 55 60

Temperature (°C)

(b) of 0.1 wt% aqueous solutions of block copolypeptoids P;oMys,
P;oMy;, and P;oM54 at an average heating rate of 0.6 K/min;
distributions of R}, at 25 °C (c¢)

25 nm and 80-125 nm appeared. Upon further increase of
temperature, the signal from the smaller species diminished
and that of the larger species became dominant (above 55 °C).

Both turbidity and light scattering measurements suggest that
the thermo-induced self-assembly in the aqueous polymer

First and second clouding and clearing point temperatures (Tcp“), Tcp(z), and Ty, respectively) of 0.1 wt% aqueous solutions of poly(N-(n-

propyl)glycine),-block-poly(N-methylglycine), (P,M,) copolypeptoids, as determined by turbidity and light scattering measurements

Sample T (°C) Ta O Tp? (°0)
Turbidity Light scattering Turbidity Light scattering Turbidity Light scattering
P7oMp; 27 27 40 42 45 46
P70My> 36 35 43 42 45 48
P70M76 - 39 - 43 42 47

@ Springer
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solutions follows to a certain path of transformations. Single
chains ata low temperature assemble into larger aggregates above
the transition temperature Tcp(l), and after reaching the tempera-
ture 7, these aggregates disassemble into smaller micelles. These
micelles then grow into very large aggregates through a kinetic
process, i.e., crystallization, as reported earlier [10]. Hence, the
period of clearance in turbidity measurements can be ascribed to
the disassembly of large aggregates (R, > 100 nm) into small
micelles (R, = 15 or 25 nm), as has also been proposed for
poly(2-oxazoline)-based block copolymers [19].

In order to trace the formation of micelles from larger aggre-
gates, the polymer solutions were analyzed by kinetic light scat-
tering experiments. Isothermal time-dependent measurements at
Tcp(l) <T<T,(region l)and at T,y < T < Tcp(z) (region 2) were
conducted for a period of 230 min; results are shown in Fig. 3a—b,
respectively. (Note: measurements were examined for possible
multiple scattering, which, however, seemed to have no signifi-
cant impact on the evaluation of hydrodynamic radii.)

The measurements at 7; cp(” < T'< Ty revealed for all three polymer
samples two different types of species (Fig. 3a). The first species with
asize of Ry, = 105-130 nm appeared at every single measurement and
corresponds to the main aggregate species in solution. The second

Fig.3 Time-dependent evolution a

species with a size of Ry, = 10-30 nm can be attributed to micelles or
micelle-like structures (contour length of polymer chain (all-trans):
33 nm (P7oMy3),40 nm (P7oM4,), and 50 nm (P7oM7)). For the most
hydrophilic P79My, an additional third species with a size of ~3 nm
could be observed, which can be attributed to single polymer chains.
Also for P;oM7, the two smaller species could only be detected
within the first ~80 min of measurement. However, no significant
changes in aggregate sizes were observed over time. The scattering
intensity for P,oM,3 was almost constant over time whereas it in-
creased strongly for P-oMy, and P;7oMye. Such an increase of scatter-
ing intensity could be due to a change in aggregate size, molar mass,
refractive index increment, and/or second virial coefficient. Since, no
significant changes were observed in aggregate size, one can attribute
the increase in intensity with an increase in molar mass (aggregation
number) and/or scattering density (apart from a change in second
virial coefficient upon reorganization of the aggregate surface) due
to progressive dehydration and densification of the P, core of aggre-
gates [25-27]. From the intensity data, it is evident that the densifica-
tion is more prominent in the row P;oMy¢ > P7gMy, > P7oMys, i€,
decreasing hydrophilicity of polymer chains.

AtTy<T< Tcp(z) (Fig. 3b), initially two species could be ob-
served for P7oMa3 (R, ~ 160 nm and ~30 nm) and P7oMy, (150 nm
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and 50 nm) and just one species for P;oM7s (130 nm). Unlike
before, the larger aggregates were growing in size, to
Ry, ~ 350 nm (P7oM>3), 250 nm (P79My,), and 200 nm (P7oMys),
with an increasing time, and the smaller aggregates disappeared
within less than 100 min. The scattering intensities for P;oMy3
and P;oM,, were also increasing with time and reached a maximum
at ~100 min, coinciding with the completed transformation of the
smaller aggregates into larger structures.

Foravisualization of the aggregates formed at Tcp(l) <T<Ty,the
aqueous solutions of P;oM»3, P;gMy,, and P;gM7¢ were annealed at
40 °C for 24 h (to yield stable dispersions), dropped on a carbon-
coated copper grid and analyzed by TEM after air-drying. (Note: all
three samples were prepared under the same conditions which
allowed for a direct comparison of, albeit collapsed, structures.)
The micrographs (Fig. 4) revealed the presence of large, however,
ellipsoidal particles with a length of ~350 nm and a width of
~200 nm. In the case of the most hydrophobic P;M,3, the large
particles are well-contrasted with a more compact inner structure
surrounded by a cloud of small spherical particles. The diameter of
the less contrasted spherical particles is between 15 and 40 nm,
which is in the size range of micelles detected by DLS (Fig. 3a).
The large particles become less contrasted in the row
P7oMa3 > P7gMy, > P7gMy, i.e., with increasing hydrophilicity of
the polymer chains (see above), indicating a less compact inner
structure with a more open, sponge-like surface structure with at-
tached micelles. In the case of P,gMy, the large structures are weak
aggregates with a non-compact inner structure in coexistence with
smaller micelle aggregates.

The temperature-dependent aggregation behavior of the stud-
ied block copolypeptoid samples P-oM»3 7 in dilute aqueous
solution can be summarized as follows: single polymer chains
are present at low temperature, which upon heating to the first
clout point temperature (Tcp(])) assemble into large aggregates
(Ry, > 100 nm) co-existing with small micelles (R}, < 30 nm) due
to the dehydration of the P;o block. The large aggregates may be
considered as micelle coacervates, which are well-known to be

Fig. 4 Transmission electron
micrographs of dried aqueous
solutions of P7oM,3, P7oMy,, and
P1oMys (left to right) after
annealing at 40 °C for 24 h

|:,7O'M 23
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formed by non-ionic surfactants [28], or as crew-cut aggregates or
large compound micelles, as described for amphiphilic diblock
copolymers [29-31]. The large aggregates, however, exhibit a
non-spherical (ellipsoidal) shape, and are less compact or dense
the more hydrophilic are the constituting polymer chains. Upon
further increasing temperature, the dehydration of polymer chains
continues, thus lowering the critical micelle concentration
(CMC), and segment mobility increases, ultimately resulting in
the disassembly of the large aggregates into smaller micelles at the
clearing point temperature (7). The disassembly process oc-
curred for all samples P7oMa3, P7oMy»,, and P,oM, as observed
by DLS, but solution clearing could only be recognized for
P;oM,3 and P,oMy,, forming dense aggregates, but not for
P;oM~¢, forming just sponge-like open aggregates (TEM). At
higher temperatures, the micelles start to crystallize and grow in
size to produce very large crystalline particles with, again, ellip-
soidal shape (see [10]).

Summary

Aqueous solutions of thermoresponsive-hydrophilic block
copolypeptoids, i.e., poly(N-(n-propyl)glycine),-block-poly(N-
methylglycine), (x = 70; y = 23, 42, 76) have been investigated
in the temperature range of 20-45 °C. Turbidimetric measure-
ments indicate a multistep aggregation behavior as recognized
by a sequence of a clouding region, followed by clearing period,
and accomplished by second clouding region. Light scattering
experiments suggest that at the first cloud point temperature
single polymer chains collapse, due to dehydration of the
thermoresponsive block, and assemble into large aggregates
(coacervates) co-existing with small micelles. Upon further
heating and reaching the clearing point temperature, the large
aggregates disassemble into small micelles. When heating to the
second cloud point, the micelles start to crystallize and grow in
size to very large crystalline particles.

P70Mz6 ’

P7oMa2

500 nm
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Future work may be devoted to a more detailed analysis of

the assembly/disassembly process of the large coacervate mi-
celles (or crew-cut aggregates) by nuclear magnetic or elec-
tron spin electron spectroscopy and micro differential scan-
ning calorimetry, and the analysis of their inner morphology
by cryogenic transmission electron microscopy.
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