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Research topics

- polymer synthesis and functionalization 

- colloids (hydrophobic and hydrophilic) 

- mathematical modelling 

- polymer-based formulations



▪ Process design requires proper understanding of all the synthetic steps 
involved: 
▪ Direct polycondensation 
▪ De-Polymerization  
▪ Ring Opening Polymerization 

▪ Through these chemical pathways, useful materials with different properties 
can be produced
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▪ Proper selection of characteristics above allows: 
▪ Decreasing materials cost 
▪ Increasing materials performances  
▪ Tuning materials features  

▪ Degradation behavior is of primary importance: 
▪  Guides the material applications 
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At large emulsifier concentrations, the 
entry in micelles dominates allowing to 

control the final number of NPs 

Emulsion polymerization



Polymer characterization

- Gel permeation chromatography 

- Dynamic Light Scattering 

- High Pressure Liquid Chromatography 

- Atomic Force Microscopy
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Post-polymer functionalization

- Post-polymerization in bulk or during 
material processing (extrusion etc…);        

- Improve materials performances for 
industrial applications.          

                        

cleavable or stable 

functional 



Two available methods 
depending upon the 

miscibility of the solvent 
with water

Polymeric colloids: physical processes
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Polymeric colloids: chemical processes

High tunability; 
High control of NPs 
diameter; 
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Application: spinal cord injury

In E.U. every year 10.000 pz out of 400 M population suffer 
from Spinal Cord Injuries 

99.5% of injuries leave permanent neurological consequences.
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minocycline

Minocycline selective treatment can reduce the inflammation of microglia cells 

anti-inflammatory  
drug

microglia activated microglia partially deactivated  
microglia 

deactivated  
microglia 

Selective treatment
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Mathematical modeling

Bioresorbable Polymer Coated Drug Eluting Stent: A Model Study
Filippo Rossi,† Tommaso Casalini,† Edoardo Raffa, Maurizio Masi, and Giuseppe Perale*

Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano, Via Mancinelli 7, 20131
Milano, Italy

ABSTRACT: In drug eluting stent technologies, an increased
demand for better control, higher reliability, and enhanced
performances of drug delivery systems emerged in the last
years and thus offered the opportunity to introduce model-
based approaches aimed to overcome the remarkable limits of
trial-and-error methods. In this context a mathematical model
was studied, based on detailed conservation equations and
taking into account the main physical-chemical mechanisms
involved in polymeric coating degradation, drug release, and
restenosis inhibition. It allowed highlighting the interdepend-
ence between factors affecting each of these phenomena and, in particular, the influence of stent design parameters on drug
antirestenotic efficacy. Therefore, the here-proposed model is aimed to simulate the diffusional release, for both in vitro and the
in vivo conditions: results were verified against various literature data, confirming the reliability of the parameter estimation
procedure. The hierarchical structure of this model also allows easily modifying the set of equations describing restenosis
evolution to enhance model reliability and taking advantage of the deep understanding of physiological mechanisms governing
the different stages of smooth muscle cell growth and proliferation. In addition, thanks to its simplicity and to the very low
system requirements and central processing unit (CPU) time, our model allows obtaining immediate views of system behavior.
KEYWORDS: stent, mathematical modeling, polymers, controlled drug delivery

1. INTRODUCTION
Since the first polymer-based drug eluting stent (DES) was
approved by US Food and Drug Administration (FDA), the
Cypher stent, many other DES's have been studied world-
wide.1,2 Some trials and clinical outcomes showed encouraging
in vivo results,3 but worrying doubts and cautionary voices were
raised from part of the scientific community too.4−6 In
particular, in the case of permanent-polymer based formula-
tions, several studies showed the influence of polymer−tissue
interactions that can induce severe host tissue responses, such
as marked detrimental inflammatory responses or subacute
thrombosis, even when high antirestenotic drug doses were
delivered.6−9 However, in the last year, some biodegradable-
polymer based formulations, innovative coating techniques,10,11

and new biological targeting methods12,13 became altogether
interesting, as far as they offer the opportunity to enhance the
efficacy of local drug delivery against restenosis:14,15 for
instance, DES's coated with bioresorbable polymeric thin
films were successfully implanted into the first patient in
2000.16,17 Such new advances, coupled with a more reliable
understanding of the mechanisms governing drug release and
polymer degradation kinetics, may contribute to the develop-
ment of a new generation of DES's.18,19 However, as emerges
from literature, reliable control on drug delivery and proper
characterization of polymer−tissue interactions is not yet
available for many of the biodegradable-polymer formulations
used in DES technology. In particular, even if the “burst effect”
seems to be avoided in some recent coating formulations,10,20

the presence of long chain fragments, byproducts of polymer

degradation, still strongly influences the ability to properly
control drug delivery: this often leads to inadequate inhibition
of undesired host tissue responses, such as incomplete healing
or the late persistence of macrophages.21,22

Polymers may reduce undesired in-stent restenosis just after
stent implantation, but available data often show low or even
no accordance.10,23−26 Indeed, the neointimal thickening may
easily occur already few days after surgery, embedding the DES
until a total occlusion of vessel lumen. In literature it is
generally accepted that smooth muscle cells (SMC), normally
present in a quiescent state in the media tissue, play a key role
in the pathway of events that contribute to the formation of
neointimal hyperplasia via long-term proliferation and migra-
tion.24,27,28 In particular, within the 24 h following balloon
catheter injury to arteries, the SMC start to replicate, and once
they reach the intima, they can undergo a sustained replication
for a period of several weeks until re-endothelialization events
occur.28 It is well-known29 that neointimal tissue strongly
affects drug distribution within the neointimal itself and the
artery wall medial tissues and, hence, antirestenotic drug
efficacy too.
In summary, the design of an effective DES requires a

complex approach to optimize drug release profiles, coating
degradation properties and restenosis inhibition. Mathematical
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Main results:  
- complete control over formulation and 

process; 
- complete control over transport 

phenomena having a robust and 
reliable modelling tool ; 

- simple but based only on fundamental 
laws! 

-> A SMART INDUSTRIAL USE ! 
-> faster engineering of new devices ! 
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very common kind of biopolymers. Aliphatic polyester
degradation is due to the hydrolysis mechanism, which can
show two macroscopic behaviors depending on the thickness of
the device, where a critical thickness can be defined according
to polymer characteristics.62 In the case of thick devices, water
penetrates into the device and cleaves the polymer backbone,
producing small oligomers. These chain fragments are not able
to diffuse properly from the matrix, and, moreover, they
catalyze a hydrolysis reaction because of their acidic groups.63

In this case, also known as bulk degradation, occurring
phenomena allow adopting a shrinking core approach, in
which the system can be roughly divided in two zones: a
degraded inner core and an external shell of unbroken
polymer.61 On the other hand, degradation dynamics could
be described in detail through mass conservation equations,
where diffusion phenomena are neglected because of the low
polymeric thickness, which is less than critical value (usually in
the range of the hundreds of micrometers); this is the case of
the so-called surface degradation.62

The enzyme role in polymer degradation in the in vivo
environment has been found to depend on polymer hydro-
philicity and molecular weight.64−67 In particular, enzymatic
degradation becomes less important with the increase of
polymer molecular weight and the decrease of water uptake.
Indeed, adding lactide and/or lactone units, which are more
hydrophobic than glycolic ones, causes a lower water uptake
and thus a less important enzymatic contribution on the device
degradation.68 As far as devices investigated were made of PCL,
PLACL, and PLGA with a high content of lactide units, and
with a molecular weight of about 103 kDa, enzymatic
contribution in polymer hydrolysis was reasonably neglected.
As regards the pH effect, during the degradation of aliphatic
polyesters, such as PLLA, PGA, and PCL, the most relevant
contribution in pH decreasing is due to acidic oligomers
deriving from device hydrolysis. Indeed, as reported by Holy et
al.,69 macrophages are called-in and activated by the local
inflammation, and they contribute to a pH reduction down to a
value of about 5, while the influence of pH of surrounding
medium becomes important with very acidic pH.67

Mass fluxes are expressed with an effective mass transport
coefficient and a concentration difference between the
polymeric phase and the external environment. Moreover, it
was assumed that only monomers could leave the matrix
because of the low mobility of chain fragments. The adopted
kinetic scheme is a reversible polycondensation: Pn+m + W ↔Pn
+ Pm. Polymer degradation can thus be described through three
mass balances involving monomer, water, and n-long polymer
chains, respectively:
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where Ci, Ci
0, and kC,i are the molar concentration, the molar

concentration in the external environment, and the effective
mass transport coefficient for the i-th species, respectively; kP is
the polymerization kinetic constant, KEQ is the polymerization
equilibrium constant, SEXT is the external coating surface, VR is
the device volume, and VM is the volume of the degraded inner
zone. To simplify the model, which would result in a large
system of differential equations, the method of moments was
here applied. Since water and monomer mass balance equations
(eqs 1 and 2) can be written in terms of statistical moments
(μi), the following system is obtained:
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Quantities such as average molecular weight and polydispersity
can be directly computed from statistical moments. This
approach was explained in detail and validated in our earlier
works.60,61

2.2. Neointimal Thickening: Corpuscular Approach.
To describe the proliferation of SMC, both in in vitro and in
vivo conditions, the corpuscular approach proposed by Busini et
al.70 was here adopted. The time evolution of cells number can
be expressed through a population balance equation as follows:

∂
∂ + ∂

∂
= −

F m t
t m
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where F(m,t) is the cell number whose mass is comprised
between m and m + dm at time t, g(X) represents cell growth,
d(X) represents cell death because of apoptosis and necrosis,
M(m,X) represents cell replication by mitosis, and X is the
parameter vector, containing quantities such as substrate and
drug concentrations. Equation 5 was solved introducing the
expressions of three moments λi, that represents the i-th order
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Microwave-assisted polycondensation

AC hydrogel

€ 

ROH + " R COOH → " R COOR

Polymeric hydrogels
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€ 

−OH
−COOH

The tuning of our formulation is possible in order to adapt it at different applications: 

✓ Gel network exhibits higher  
compactness and less ability to  
swell as -OH/-COOH increases 
(different material for different needs) 

Formulation study
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Formulation technology

-­‐ optimization	
  to	
  develop	
  a	
  product	
  ready	
  for	
  the	
  market;	
  

-­‐ satisfy	
  market	
  and	
  industry	
  needs.
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Conclusions
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