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1. Introduction

ABSTRACT

Chemical and physical properties of polymeric species in solution strongly depend on their structure,
which can be modulated by covalently linking substituents of different solubility. In this work, the effect
of changing the interaction strength and fractional loading of hydrophobic substituents on semi-flexible
hydrophilic polymers of varying chain length is studied by means of Monte Carlo simulations and coarse
grained model potentials. The latter are chosen in order to provide a more factual representation of
a chain in diluted solution, introducing substituent flexibility and realistic torsional and bending
potentials. Upon increasing the number and the interaction strength of the substituents, our results
indicate a less steep rise of the chain gyration radius and “end to end” distance for the chain length than
predicted for an unsubstituted polymer in an almost good solvent. Moreover, a “disordered to compact”
structural transition appears. In parallel, the formation of hydrophobic nuclei and the consequent
appearance of flexible polymer loops grafted to the semi-rigid cores is witnessed. The core formation
resembles a nucleation phenomenon, where the change in the interaction between the substituents
modulates the free energy surface for the aggregation process similarly to the change in chemical
potential. Interestingly, it has been found that a single chain containing a sufficiently high number of
interacting substituents may give rise to the formation of multiple cores, suggesting that the chain
stiffness may play a role in defining the structure of the free energy minimum.

© 2010 Elsevier Ltd. All rights reserved.

polymer-drug conjugates is due principally to a prolonged plasma
circulation of polymer-conjugates with respect to the free drug and

Polymers conjugated to small molecules (e.g. drugs and
markers) have been widely studied for different applications,
particularly in the biomedical field. The structure of an polymer
conjugate comprises a minimum of three components: an poly-
meric backbone, a linker, and one or more types of molecules with
different activities such as antitumor agents, fluorescent dyes or
agents for imaging in live cells, targeting moieties, and so on [1-5].
In this context, the conjugation of small molecules to an polymeric
carrier can assure many advantages. For example, the action of
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can lead to significant passive tumor targeting by the enhanced
permeability and retention (EPR) effect [6]. This allows lower side
effects, better pharmacological efficiency of drugs, and less
frequent administration. Also, anatomical or molecular information
can be obtained by medical imaging [7] with polymer-conjugates to
fluorescent dyes or to PET, CT, and MRI imaging agents [8—11].
The protection of the molecules during the plasma circulation
until the polymer conjugate accumulates into the target site is one
of the fundamental requirements for these entities to work prop-
erly. In this respect, attention has been paid to the design of
appropriate linkers, whereas the physical chemistry of these
species has less frequently been considered. The latter, however, is
of high importance due to the different nature of constituents
(hydrophilic or amphyphylic for the polymeric carrier and usually
hydrophobic for the linked molecules), which can markedly affect
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the solubility and the solution behaviour (e.g. the structure) of the
conjugate in a way that depends on substituent hydrophobicity and
loading. In the final instance, the behaviour of the conjugate in
solution is expected to have a bearing on the protection or exposure
of the molecules during their transport and action.

The relevance of the physical chemistry of a conjugate to the
biomedical field has become clear with the demonstration that the
attachment of hydrophobic drugs to hydrophilic carriers can lead to
the formation of intra- or inter-molecular aggregates in aqueous
solution, which may negatively correlate with the biodistribution,
potential toxicity and anti-tumor activity of the polymer-drug
conjugate. For instance, we mention the case of the hydrophilic N-
(2-hydroxypropyl)methacrylamide (HPMA) cooligomer/amino-
ellipticine conjugate, which may form unimolecular micelles as
confirmed by measuring pyrene entrapment [12,13] and for which
increasing drug loading decreases the drug rate of liberation
induced by lysosomal thiol-dependent proteases due to a different
accessibility afforded by the intracellular enzyme to the biode-
gradable polymer-drug linker [12—14]. Similarly, the solution
behavior of fluorescent dye/polymeric carrier conjugates have to be
considered. These systems are of critical importance in the study of
the mechanism underlying drug delivery by polymers to cellular
and subcellular targets and, thus, for the design of more effective
polymeric drug carriers. Even in this case, the dye loading is
expected to be a very crucial factor because it can influence the
polymer conformation in solution, and thus its uptake, aggregation,
the self-quenching of dye molecules and the formation of excimers
and exciplexes [15].

Considering the examples proposed, it should be apparent how
the study and, hopefully, the prediction of the physicochemical
properties in aqueous solution of these new multifunctional enti-
ties are of fundamental importance in order to design and reach an
optimal biological rationale. In fact, the influence of one structural
component on the performance of the others should be carefully
considered to ensure synergy in the integrated design. This
notwithstanding, studies in this direction have only rarely been
reported [16—23] perhaps due to the technical difficulties
encountered in interpreting the experimental results in term of
atomistic details. In this context, theoretical methods may cast light
on the main features of polymer-conjugates and thus provide
insights on the relationship between structure and composition (e.
g. a specific degree of polymer folding, micelles formation and the
thermodynamics of chain collapse upon hydrophobic substitution
[24,25]. Despite the potential to provide a prompt and high quality
feedback for the design of new species, the vast majority of theo-
retical studies on polymers have, however, employed extremely
simplified models. For instance, poly-peptides containing hydro-
phobic residues are often modeled as semi-rigid necklaces of Len-
nard—Jones beads [24—27] or as chains of non-overlapping lattice
sites [25] with highly ordered substituent distribution, thus
neglecting some of the important features possessed by substituted
polymer-conjugates. For instance, it is expected to be necessary to
describe the entropic contribution to the conjugate free energy due
to the flexibility of the hydrophobic molecule-linker unit (the
pendant) since its magnitude, of order RT per pendant, may be
sufficiently high to influence the three dimensional structure of the
species. Besides, previous studies have only investigated the
behaviour of species containing a high fraction (0.5—0.8) of regu-
larly spaced hydrophobic substituents, whereas polymers conju-
gated usually present a lower content of hydrophobic moieties
tethered to the polymeric chain in random locations. In our view,
these peculiarities are likely to induce a different solution behav-
iour and must therefore be taken into account (vide infra for our
approach to tackle this task, which also includes using a more
realistic chain model with bending, torsional and long range

interactions). That is of course valid whenever a more accurate, and
hopefully more predictive, modeling of the aforementioned
polymer-conjugates is sought.

With these ideas in mind, we decided to investigate model
polymer-hydrophobic molecule conjugates in order to explore
what additional structural features, if any, may emerge from the
inclusion of the aforementioned characteristics. In this respect, the
aim that we embrace is the exploration of the dependence of the
three dimensional (3D-)structure (radius of gyration, hydrody-
namic radius, degree of non-sphericity, relative substituent struc-
ture, etc) of water soluble model polymers on the substituent
interaction strength and on the degree of conjugation (the number
fraction of hydrophobic substituents with respect to the monomer
units in the polymer). Fig. 1 provides a pictorial representation of
this task, highlighting some of the key features in our model and
approach.

The organization of this Manuscript is as follow. In Section 2, we
introduce the quantitative details of the model chosen to simulate
an polymer conjugate and the methodology employed for the
simulations. Section 3 presents the results of our simulations,
together with a discussion of a few peculiarities that characterize
the structural behaviour of our model conjugates. Finally, Section 4
presents our conclusions as well as future avenues of exploration.

2. Theoretical methods and simulations
2.1. Model potentials

With the intention of drawing conclusions of a general semi-
quantitative nature for our target systems, we decided to employ
a realistic—albeit simplified for computational purpo-
ses—description of their effective potential energy surface. As
discussed in the Introduction, it is our view that such a model must
contain specific ingredients such as the semi—flexible nature of
a chain (i.e. stretching, bending and torsional potentials), a realistic
description of long range interactions in the appropriate thermo-
dynamics state (monomer interaction mediated by solvent and
perhaps counterions), as well as the possibility of tuning the
interaction forces between hydrophobic substituents (HPS’s). To
this end, we have selected to use for the description of the back-
bone chain the coarse grained model developed by Reith et al. [28]
for the sodium salt of poly-acrylic acid (PAA) chains at 333.15 K. This
model provides one with a computationally efficient description of
the free energy surface for an polymeric chain and it appears
suitable for our purposes. In fact, the original model treats the poly-
anion as a chain of beads centered on the center of mass of the
monomers, which are linked by harmonic springs and subjected to
numerical bending, torsional and long distance potentials param-
eterized using atomistic molecular dynamics simulations. The
latter two components provide a reasonably general representation
for the monomer excluded volume and for the hindrance expected
to local conformational changes in an polymeric chain in an almost
good solvent (vide infra), which is the situation one is confronted
with when the unsubstituted polymers mentioned in the Intro-
duction are concerned. In this respect, it is worth mentioning that
the interaction between non-linked monomers is only weakly
binding at distances larger than 8 A (at the minimum, the value of
the potential is roughly 0.016 kcal/mol at 333.15 K = 0.66 kcal/
mol), whereas it is more strongly repulsive in nature at shorter
distances. It therefore represents mainly the monomer excluded
volume.

Given our intention of modeling the general properties of a class
of systems, we describe the interaction between HPS’s using a pair
sum V(R) = > U(ry). In this work, the simplified description
provided by a square well potential of the form.
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Fig. 1. Scheme representing the modeling approach employed to study the dependence of the structural features of polymer-hydrophobic substituent conjugates on the number (N)
and interaction strength of the hydrophobic pendants. The latter are represented with different colors to indicate a different magnitude for the inter-substituent interaction.
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was used for the pair potential, with the parameters Vo > 0,
s = 3.7 A and 6 = 5.0 A being chosen in order to represent the
effective (i.e. containing also the effect of the solvent molecules)
forces between HPS couples. While hydrophobic forces should, in
principle, depend on the density of interacting pairs due to
excluded volume effects, the simplified model chosen in this work
is expected to provide a sufficiently accurate representation for
these forces and guidance to understand general trends, and it is in
line with the spirit of the pairwise coarse grained potential
employed to model the polymeric chains. Besides, the deepest well
of the potential of mean force for two hydrophobic species in
aqueous solution is better modeled with a function that assumes
zero interaction energy at a finite distance.

To investigate the dependence of the system properties on the
strength of the hydrophobic forces, several values for Vy were used
in our simulations (vide infra). Guidance in choosing the set of
values for Vp was obtained from previous studies where the
potential of mean force between hydrophobic species in water was
studied using molecular simulations [29—35]

To model the flexible spatial orientation of pendants tethered to
an polymer, substituents were linked to the chains using the
harmonic restraining potential Uy(r) = 1/2k(r — rg)?. Here, r is the
distance between the center of mass of the HPS and of the linked
monomer, rg 420 A is their equilibrium distance and
k = 1.08 kcal/(mol A?). The interaction between an HPS and non-
linked monomers is described using a hard sphere potential, whose
repulsive wall onsets at distance s. The location of HPS along a chain
was randomly chosen in order to mimic the statistical distribution
that is expected from covalently tethering pendants to an polymer;

substitutions on neighbor monomers and on the first and last
monomers in the polymer where excluded.

2.2. Monte Carlo simulations

As shown by Reith et al. [28] in their original work on the PAA
anions, the latter affords a high degree of structural flexibility
thanks to the weak interaction between non-linked monomers; in
fact, the hydrodynamic radius (Ry) of a chain grows proportionally
to N%° upon increasing the number of monomers N. Such behavior
is very close to that of a Gaussian chain in good solvent, a fact that
allows the simulation of fairly long polymers using a straightfor-
ward adaptation of the canonical Monte Carlo (MC) method [36]. In
the latter, local monomer displacements are attempted in Cartesian
space using the original MC scheme proposed by Metropolis et al.
[36] whereas global torsional moves may be carried out using the
approach proposed by Betancourt [37]. In our implementation of
the method, monomers attempt a displacement one by one in
a systematic fashion using a local and symmetric Metropolis MC
move; each attempt is accepted accordingly to the standard rule
Pacc = min [1, exp(—AV/(kT))]. Torsional moves were carried out
after all monomers have made 10 attempted displacements; the
pivot bond around which the rotation takes place and the orien-
tation (clockwise or counter clockwise) are chosen randomly. Even
in this case, the distribution of attempted rotations was taken to be
uniform and symmetric over an interval of angles centered on the
current torsional angle and accepted employing the standard
Metropolis rule.

In the case of the substituted systems investigated in this work,
the presence of HPS’s was however found to induce roughening in
the potential energy surface; this was especially true when a large
number of substituents (Ns) and high V values were used. Thus, we
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fund that straightforward MC simulations became quasi-ergodic or
suffered from a serious slowing down in their exploration of the
conformational space. As a consequence, a parallel tempering (PT)
[38] scheme was therefore implemented and used to limit the
impact of these difficulties. In the PT approach, parallel MC simu-
lations were carried out at several temperatures including the
target one (T; = 333.15 K) and configurations from different
temperatures, either in the vicinity [38] or randomly chosen over
the complete set [39] are swapped with a probability that
conserves the correct canonical distributions. Generally, we
employed 5—7 equally spaced temperatures between T; and a Trax,
with Tpaxbeing chosen so that the substituted chain was almost
unfolded. The number of parallel simulations was chosen in order
to have an acceptance probability for the replica swaps between
neighbor temperatures of roughly 0.2 when attempted after
100 MC sweeps (one sweep represent the attempted local
displacement of all monomers in a chain). In this way, the faster
exploration afforded by high temperature simulations is exploited
whilst keeping the magnitude of the statistical noise at the target
temperature under control. It is also important to stress that, given
the nature of the coarse grain potential used to model the chains,
we focus our attention on the structural changes in our species as
a function of Ng and Vp, and that the usage of the PT scheme is
a mere device to facilitate the ergodic exploration of the configu-
rational space.

Depending on the number of monomers in the polymer
(92 < N < 368) and on the strength of interaction between HPS
pairs (0 < Vp/(kgT;) < 3.1), PT simulations have been carried out
using 108—107 MC sweeps per temperature after, at least, 10°
sweeps of thermalization. Convergence of the average values was
tested by monitoring the evolution of partial averages and
comparing their fluctuation with the associated standard error. For
chains with a very rough energy landscape, it was occasionally
necessary to run additional simulations starting from stochastically
independent initial geometries in order to check the proper
convergence of expectation values. Albeit this approach does not
guarantee absolute convergence, it however provides with some
additional assurance on the quality of the simulations results. The
robustness of the results discussed in the following Sections with
respect to the location of the HPS’s along the chains was also tested
running simulations for a few of species with statistically inde-
pendent distribution of the substituents.

3. Results and discussion

As indicated in the Introduction, our main interest is to inves-
tigate how the structural properties of semi-flexible and soluble
chains are modified upon introducing of a limited number of
hydrophobic substituents. Albeit we focus on models with suffi-
ciently general properties to represent a wide class of systems, we
expect this information to be able to provide some guidance in
choosing the maximum load of HPS’s (i.e. drug molecules) to avoid
a collapse of the polymeric chain onto itself, or, conversely, in
selecting appropriate substituents to generate a core-shell struc-
ture (i.e. with pendants protected by the polymeric chain).

To remain as parallel as possible to the information on the
structural effects of HPS's tethered to soluble chains [23] we
restrain ourself to a maximum chain length (N < 368) and number
of substituents (N" ~ 0.1 x N) and investigate the change in
structural properties of our model systems as function of the
fraction x; = Ns/N < 0.1. It is important to stress that the upper
bounds placed on the number of monomers and pendants are
related, respectively, to the polymer length used in drug therapy
and to the lower aggregation limit found experimentally for soluble
chains conjugated to hydrophobic drug molecules.

Table 1 presents the data obtained while testing our imple-
mentation of the potential developed by Reith et al. [28] for a small
set of unsubstituted chains (N = 92, 184 and 368); the case N = 92
was chosen to allow for a direct comparison with the data in
Ref. [28].

As shown in Table 1, the (Ré) value for N = 92 agrees with the
published one Ref. [28] within statistical error, thus indicating the
correctness of our routines. The data in Table 1 provide also the
basis for a comparison with substituted chains. As for the latter,
Figs. 2—4 present the main numerical results of this work, showing
the changes in /(R2) as a function of Ns and Vo for the three chains
N = 92,184 and 368.

Fig. 2 shows a decrease in the gyration radius upon increasing
the number of substituents and the strength of their interaction.
Despite this similarity, one also notices a few qualitative differences
in the behaviour of |/(RZ) as a function of N; in the range of Vo
values explored. In particular, we observe that for x; < 0.03 the
average gyration radius remains very close to the one for the
unsubstituted chains, thus suggesting entropy as the main driving
force for the 3-dimensional structure even when strong HPS
interactions are present. When x; > 0.055, (Ré) appears to
decrease substantially upon increasing Vp/(kgT), with the highest
value of x; (roughly 0.11) presenting indications for a transition
from an open structure to a more compact one. In particular, we see
that | /(R2) for the case N = 368 and x; = 0.11 appears to have
reached a low plateau around Vy/(kgT) = 2.4, suggesting that the
substituted chain has collapsed into the most compact affordable
structure within the constraints imposed by the intra-chain
potential. Also noteworthy is the fact that the sigmoidal shape of
the (Ré) versus Vg curve closely resembles the one commonly
witnessed during a phase change in atomic clusters as a function of
Vo/(kgT) in many structural indicators (e.g. the average inter-
particle distance (r;;) or Lindemman index) [40,41].

A different perspective on the results shown in Fig. 2 is provided
by Fig. 3, where some of the data are shown as a function of the
chain length for fixed Vp/(kgT) and x; values.

Albeit over the limited range of N values shown in Fig. 3, the data
for the unsubstituted chains follow closely a power-like trend with

(R2) ~N* as originally found in Ref. [28] Differently, one notices
the presence of a substantial change in the behaviour of ,/(R2) as
a function of N when Vp/(kgT) > 0. Whereas, in general, (Ré)
deviates from the simple N* form by a degree that depends both on
xs and Vp, we highlight the presence of two interesting deviations.
First, one notices a sudden change in dln(,/(R%))/dInN on going
from N = 184 to N = 368 when (x = 0.055;Vy/(kgT) = 2.8) and
(x = 0.11;Vp/(kgT) = 2.4). In both cases, the slope drops almost to
zero which indicates that there may be either a compensating effect
between the increase in chain length and the effective intra-chain
interaction (i.e. including the thermal energy and the chain stiff-
ness), or that the system has collapsed to a compact state where the
fragments of the chain separating pendants need to acquire a 3-
dimensional structure that minimizes the average system size. At
variance with these two cases, the decrease in dln( <R§))/alnN is
somewhat less marked when (x = 0.11;Vp/(kgT) = 2.8), thus
apparently contradicting the expectation of a similar, if not larger,
decrease due to a stronger inter-pendants interaction.

Table 1

Average value of the gyration radius <R§) (in nm) of the unsubstituted PAA anion
chains as a function of the chain length 92 < N < 368. The standard error is reported
between brackets and refers to the last quote digit.

N (R2) this work \/(R2) [28]
92 2.9(1) 3.1

184 4.1(1)

368 5.6(1)
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Fig. 2. Dependence of (Ré) (in nm) with respect to the well depth of the hydro-
phobic substituent interaction (Vp, in units of kgT). From top to bottom: N = 92;
N = 184; N = 368. The number of substituents on each chain is indicated in the three
panels as “Ns HPS”.

As a first step in shedding some light on the behaviors high-
lighted in both Figs. 2, 3, Fig. 4 shows the probability distribution
function of (Ré) for the case N = 184 and x; = 0.11 as a function of
Vo/(kgT). From the distributions shown in Fig. 4, it appears that both
the position of the maximum and the width of the distributions
decrease in a monotonic fashion upon increasing the value of Vy. In
other words, both the average size and the amplitude of the chain
fluctuations decrease, indicating that the net effect of increasing

_ . - X=0.055 Vo/kT=1.9
g./'/' -~ X=0.055 Vo/kT=2.4
—O— X=0.055 Vo/kT=2.8
--V-= X=0.11 Vo/kT=1.9
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N monomer

Fig. 3. Dependence of (Ré) (in nm) on the chain length at fixed value of the well

depth Vp (in units of kgT) and substituent fraction x; = Ng/N.

the substituent interaction is akin to a reduction in the probability
of visiting conformations in which the polymer is highly elongated.

Another informative distribution is represented by the proba-
bility density of finding any two HPS's at a specific distance r, which
is presented in Fig. 5 for the chain with N = 184 and Ns = 20. The
latter shows a substantial reduction in ,/(RZ) as a function of
Vo/(kgT) (see Fig. 2). Upon increasing the value of Vy, it is seen that
the distribution evolves from a fairly diffused one at Vy/(kgT) = 1.90,
which also presents some indication for a short range structuring of
the substituents due to their interaction (0.37 < r < 0.87 nm), to
one that shows an increasingly larger amount of neighbor and next-
neighbor pairs (the first and second sharp peaks at low distances)
together with a broad feature at large r values that evolves from the
very diffuse distribution at low value of Vj. Interestingly, the broad
feature for the species with Vp/(kgT) = 3.31 has its maximum
a longer distance than the one with Vy/(kgT) = 2.84, thus suggesting
a more rigid three dimensional structure for the former. Whereas
the interpretation of the two peaks at low value of r is unambig-
uous, the feature around 2.6 nm is difficult to assign to any specific
type of structural detail and deserves further attention. To clarify
this matter, we have randomly extracted configurations during the
MC simulations to visualize a subset of typical chain conformations,
some of which are shown in Fig. 6.
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------- Vo/kT=2.37
----- Vo/kT=1.90
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= 4% - Vo/kT=0.00
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Fig. 4. Probability distribution function for Ry= <R§) (in nm) obtained simulating
a chain containing 368 monomers and 20 substituents (x; = 0.055) at various values of
Vo/(kgT). The distributions p(Rg) is normalized so that [ ngRép(Rg) =1
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Fig. 5. Probability distribution function for the distance r between two substituents (in
nm) obtained simulating the chain containing 184 monomers and 20 substituents
(xs = 0.11) at various values of Vy/(kgT). The distributions p(r) have been normalized so
that [drr?p(r) = 1.

From Fig. 6, it becomes evident that the hydrophobic substitu-
ents tend to aggregate upon increasing the value of Vp, thus forcing
the polymer to produce loops containing varying numbers of
monomers in order to accommodate the compact organization of
the pendants. Even more interesting is the fact that the species
show the tendency of forming two major HPS clusters (nuclei)
when Vy/(kgT) = 3.31, each one containing 8—10 pendants. We have
also found other instances in which smaller clusters (e.g. 3—4
HPS’s) are present, albeit only in the cases of weaker substituent
interactions as shown in the top panel of Fig. 6. Apart from the
aforementioned loops, the di-nuclear species is also characterized
by the fact that the two nuclei are held separated by partially
stretched chain segments acting as “spacers”.

The peculiarity of the di-nuclear structure shown in Fig. 6 may
be appreciated by comparing our findings with the results of
simulations carried out on clusters and chains of particles inter-
acting by means of a square well potential similar to the one given
in Eq. (1) [41]. At variance with our results, the free energy
minimum of both clusters and chains of square well particles
appeared to present a closely packed mono-nuclear structure for
similar values of Vp/(kgT). In our view, this difference seems to
suggest that the main effect of the polymeric chain is to destabilize
configurations that are too tightly packed thanks to both enthalpic
and entropic intra-system effects. Whereas the former have their
origin in the excluded volume of the substituents and in the intra-
chain potential (i.e. stretching, bending, torsional and long range
forces), the latter are related to the smaller volume of configura-
tional space that would be available to mono-nuclear species when
the vast majority of the HPS’s are contained in a single aggregate.

In this context, it would be useful to remember that the results
for model lattice proteins containing a high fraction of HPS’s have
shown that the latter tend to fold forming a single hydrophobic
core [42,43] in a similar range of Vp/(kgT) values. Moreover, the
thermodynamical signature of their “coil to compact” structural
transition becomes more evident upon increasing N, thus sug-
gesting the global nature of such an event. Given the fact that these
lattice models contained a sufficiently high number of hydrophilic
monomers acting as spacers between the hydrophobic ones, it
seems likely that the di-nuclear structure afforded by our species
could be due to the smaller fraction of HPS's.

Retrospectively, the issue raised by the long distance features
highlighted in Fig. 5 for the two cases Vp/(kgT) = 3.31 and 2.84 is
answered by observing that two clusters are formed when using

Fig. 6. Sample structures extracted from the simulations of the chain containing
N = 184 monomers and N; = 20 substituents with Vo/(ksT) = 1.90 (top panel), 2.84
(middle panel) and 3.31 (bottom panel). Light grey spheres represent the chain
monomers while orange spheres represent the substituents; blue and red spheres
indicate the terminal monomers in the polymer. Notice the incremental formation of
a poly-nuclear species upon increasing the hydrophobic interaction potential.

these two interaction strengths; in fact, the long range and broad
feature is located at a distance compatible with the inter-nuclear
distance as measured from the set of structures collected from the
simulations. Also, the broader structure present around 2.2 nm in
the simulation with V/(kgT) = 2.84 is likely to be due to the reduced
number of substituents present in one of the two clusters and to the
enhanced chain flexibility that this allows.

Related to the finding just discussed, there is the interesting
question of what degree of control one may afford on the formation
of poly-nuclear structures such as the one evidenced in Fig. 6. To
answer it, Fig. 7 presents two snapshots extracted from simulations
carried out using N = 368 monomers, Vo/(kgT) = 2.84, and
Xs = 0.055 or x; = 0.11 (i.e. 20 or 40 pendants). From these images,
one evinces that the number of nuclei formed depends on the
number of substituents. In fact, the chain containing 40 pendants
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Fig. 7. Sample structures extracted from the simulations of a chain containing N = 368
monomers, with N = 40 (top panel) and N; = 20 (bottom panel) substituents using Vo/
(kgT) = 2.84. Grey spheres represent the chain monomers, orange spheres and sticks
represent the substituents, whereas blue and red spheres indicate the terminal
monomers in the polymer. Notice the increasing number of nuclei and substituent per
nucleus upon increasing Ns.

forms 3 almost equi-spaced nuclei, whereas the polymer with
Ns = 20 forms only two. As a consequence of this difference, the
former has shorter loops and “spacers”. It is also worth noting the
fact that the species with the highest Ns forms clusters that contain,
on average, more hydrophobic moieties (roughly 11—12 versus
5—8), thus suggesting that it may be possible to have some control
on the size of the nuclei as well.

Incidentally, the structures shown in Fig. 7 also provide an
explanation for the different behaviour of |/(RZ) versus N high-
lighted (see Fig. 3) for the case x; = 0.11 and Vy/(kpT) = 2.84. In this
respect, the increase of the average gyration radius upon going
from N = 184 to N = 368 despite the high value of Vj and the large
fraction of substituents in this species is consistent with the fact
that the substituted polymers already form poly-nuclear species at
short length and prefer to build more nuclei instead of increasing
the number of substituents in a single nucleus. In turn, this seems
to favor a progressive increase in the polymer size along a straight
line (the one passing through or close to the nuclei) rather than
isotropically, a fact that accounts for the smaller increase in  /(R)
for this species with respect to the ones with weaker HPS inter-
actions amd smaller x;.

4. Conclusions

In this work, we have presented the results of a theoretical study
attempting to provide an answer to the experimentally relevant
question: “how does the structure of a soluble polymer change
upon varying the number and nature of hydrophobic pendants
covalently—linked to the chain? ”. Given the high relevance of this

question to important fields such as protein folding and polymer
science, it comes at no surprise that a lot of attention has already
been paid to this problem, and semi-quantitative answers have
been provided employing varying levels of sophistication in the
polymer description. Apart from the useful insight on the structural
properties of chain-like species in diluted solution or interacting
with other molecules or solid surfaces (see for instance
[24,25,42,44,45] and reference therein) and their dependency on
the degree of hydrophobicity, the main message that can be
extracted from these efforts is how incredibly complicated these
systems are and how difficult it is to efficiently simulate their
thermodynamics, let alone their dynamics.

In this respect, our work makes a very first step in filling some
of the information gaps left open by previous studies, which have
mainly focused on short to medium length chains (N < 100) and
high fractional loads (xs > 0.5) of hydrophobic substituents. For
these species, one would a priori expect a compact hydrophobic
core surrounded by very short chain loops whenever the
temperature is sufficiently low (or the substituent interaction
sufficiently high) to allow the core formation, an expectation that
has been fulfilled by the computational results. Conversely, we
have focused on studying model systems mimicking the proper-
ties of water soluble polymers (N = 92, 184 and 368) carrying
a smaller number of hydrophobic pendants (0 < x; < 0.11), with
an emphasis on the analysis of the changes induced in their
structural properties as a function of N, x; and the strength of the
hydrophobic interaction Vp. The ranges of parameters chosen for
our models are consistent with species recently investigated or
synthesized.

Perhaps not surprisingly, our results indicate that the chains
acquire a more compact and less fluctuating structure (see Fig. 4)
upon increasing x; and the V. More interesting is the fact that the
model systems may form more than one compact cluster of
pendants, which are surrounded by chain loops and connected by
means of short monomer chains. Although this finding may in
principle be explained by invoking the semi-flexible nature of the
chain and the monomer excluded volume effect, at the moment it is
not clear what is the role played by the volume and flexibility of the
pendants as well as by the entropy of the chain in modifying the
free energy landscape. Given the general interest in preparing
nano-species with controllable and tunable structures, more work
appears to be warranted in order to extract general conclusions on
the dependency of the free energy surface for this family of systems
on the structural details of the chains. This will be the focus of
future investigations in our laboratories.

As for the original motivation for the present study, we notice
that the increasingly more compact structure as function of x; and
Vo indicates a strong reduction in the system entropy at the level of
a single species in solution, and the formation of closely packed
hydrophobic nuclei shielded by chain loops. The net effect of this is
a decrease in the exposure of the hydrophobic species to the local
environment, which may in turn limit the attachment from
enzymes and the release of the active molecule from the polymeric
scaffold. From our calculations, this scenario begins to appear
already for a 5% fractional load and for a strength of hydrophobic
interaction which is afforded by systems such as bicyclooctane and
adamantane [35]. Besides, the lower entropy afforded by a compact
polymer-hydrophobic molecule conjugate in solution would be
expected to reduce the driving force toward its solubilization and it
may also affect the free energy barrier that need to be surmounted
to leave the solid and become fully dissolved.

In concluding our discussion, we feel it is important to draw an
interesting parallel between our simulation results and the nucle-
ation phenomenon. In the latter, the external variable that kicks off
the onset and defines the speed of nucleation (i.e. the aggregation
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of monomers to form first clusters and subsequently nano-parti-
cles) is the supersaturation ratio, whose logarithm is proportional
to the difference in chemical potential between monomers in
a supersaturated system and its equilibrated counterpart. Such
a difference in the chemical potential between two “phases” can be
modulated, either increasing the concentration of the condensing
species (in our case, the fraction of pendants x) or increasing the
effective inter-particle interaction (i.e. increasing Vp), which in
a condensing system may be induced by modifying the environ-
ment (e.g. using a different solvent). In both cases, the net outcome
is to drive the system over the free energy barrier that separates the
metastable state from the equilibrium one and to force nucleation.
For the systems under investigation, however, the situation is made
more complicated by monomers being tethered to a chain. The
latter affects both the substituent motion, thus reducing the
entropy of the dissociated state, and the minimum free energy
structures due to the internal strain. The possible competition or
synergy between these two effects is clearly not trivial to predict,
and it may give rise to interesting physical phenomena or to
peculiarities in the structure of these systems. This, also, would be
subject of a future investigation.
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