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Figure 1_Snapshots of the system at 1 μs for the four different systems:
system A (8:92 PEG16:PLGA64); system B (8:92 PEG64:PLGA64); system C
(46:54 PEG16:PLGA64); system D (46:54 PEG64:PLGA64). PEG and PLGA
polymers in blue and in yellow, respectively.

Figure 2_Young’s Modulus of pure components and binary mixtures. (a) Young’s Modulus of pure
PLGA for two DP. (b) Young’s Modulus of PEG for two DP. (c) Young’s Modulus of binary mixtures of
PLGA64 and 8% PEG16 and 8% PEG64. (d) Young’s Modulus of binary mixtures of PLGA64 and
46% PEG16 and 46% PEG64.
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Mechanical Properties of Nanoconstructs: PLGA-PEG  Mixture
Pannuzzo, M., Horta, B. A., La Rosa, C., & Decuzzi, P. (2020). Predicting the Miscibility and Rigidity of Poly (lactic-co-glycolic acid)/Polyethylene Glycol Blends via Molecular Dynamics Simulations. Macromolecules.
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Nanoparticle-Mediated Complement Activation by Surface 
PEG Pairing

Pannuzzo, M., Esposito, S., Wu, L. P., Key, J., Aryal, S., Celia,  C., ... & Decuzzi, P. (2020). Overcoming Nanoparticle-
Mediated Complement Activation by Surface PEG-Pairing. Nano Letters
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SYSTEM MEAN  DISTANCE (nm) *
± Std. dev.

20%PEG550 0.59	±	0.1
20%PEG2000 2.0 ±	0.5
40%PEG2000 3.46	±	0.5

10%PEG550+20%PEG2000 2.42	±	0.6
20%PEG550+20%PEG2000 2.63 ±	0.6
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Figure 5_Molecular Dynamics simulations for PEG-paired SPNs. (a) Computational domain (left) for the 20% PEG550
configuration, including PEG2000 chains (green), PEG550 chains (cyan), and lipids (red). List of different computed
configurations (right). (b) Density of lipids (lipid layer line), water molecules (water line), and PEG2000 (PEG2000 line) is
plotted along the z-coordinate, normal to the surface (20% PEG2000, black; 10% PEG550-20% PEG2000, blue; 20%
PEG550-20% PEG2000, red; 40% PEG2000, green). (c) End-to-end distance for PEG2000 chains. (d) Distance between an
albumin molecule (blue) and the center of mass of the lipid layer headgroups over a period of 4 μs. The table inset
shows mean distance values computed over the last 2 μs. The black circle inset shows an albumin molecule
interacting with a 20% PEG2000 platform. The red circle inset depicts an albumin molecule interacting with a 20%
PEG2000-20% PEG550. These images were back-mapped from a coarse-grained to an atomistic representation
(gromos54a7 force field).

translocation of DEX and CURC in low molecular weight PLGA
(DP = 16) (Supporting Fig. 5-7). The larger values of free energy dif-
ference associated with DEX do con!rm the higher a"nity of this
molecule for the PLGA matrix as compared to CURC. The di#usion
coe"cients of the two drugs, deep within the PLGA matrix, were esti-
mated to be 19 ± 3 ! 10!12 m2/s and 87± 8 ! 10!12 m2/s for DEX
and CURC, respectively. All this supports the experimental data doc-
umenting a lower tendency of DEX to di#use out of the PLGA matrix. As
such, these molecular dynamics simulations appear to be well aligned
with the experimental observations of Figs. 4 and 5.

3.5. In vitro activity of CURC-!PLs and DEX-!PLs

In order to obtain a moderately rapid anti-in$ammatory function,
the 5 !m !PLs made out of 5 mg PLGA were selected for in vitro and in
vivo therapeutic studies. In a con!ned volume, this !PL con!guration
allows the release of 50% of the drug within the !rst 24 h, while the
remaining portion of the drug is slowly released over the following
9 days. Indeed, similar analyses can be performed with all other 6 re-
maining !PL con!gurations. Firstly, a cytotoxicity analysis was per-
formed on rat bone marrow derived monocytes (BMDM) at 24 h post
incubation considering the following experimental groups: free drugs
(CURC and DEX), empty-!PLs, and the !PL- formulated drugs (CURC-
!PLs and DEX-!PLs), at concentrations ranging from 0.1 to 30 !M
(Fig. 7A). Empty !PLs were used in the same number as the drug loaded
!PLs. The MTT assay showed that both free drugs and !PL-formulated
drugs induce no signi!cant cytotoxicity across the tested spectrum of
concentrations. Indeed, given the slow release of DEX and CURC from
!PLs over time, the cytotoxicity at the higher concentrations is lower
for the !PL-formulated drugs rather than for the free drugs.

The anti-in$ammatory e"cacy of the free drugs and drug loaded
!PLs was tested on BMDM at two di#erent concentrations, namely 1
and 10 !M. Speci!cally, BMDM were pre-incubated for 5 h with the
therapeutic agents (free CURC, free DEX, CURC-!PLs and DEX-!PLs)
and then stimulated with LPS for 4 h to promote the secretion of in-
$ammatory cytokines, such as TNF-", IL-1# and IL-6. Results showed
that both CURC-!PLs and DEX-!PLs reduced the expression of the pro-
in$ammatory cytokines in a concentration dependent manner (Fig. 7B-
D). Similar observations can be drawn for the free CURC and free DEX
cases. While there is a statistically signi!cant di#erence between free
CURC, free DEX, CURC-!PLs and DEX-!PLs and the untreated LPS sti-
mulated group, moderate to no di#erence was observed when com-
paring the free drugs and the !PL-formulated drugs at the same

concentrations. Note, however, that cells treated with the free drug
immediately receive the full dose dispersed within the culture solution
whereas, for the !PLs, the therapeutic agents is slowly released over
time and a lower dose is actually exposed to the cells during the ex-
periment. This is indeed also the reason why the free drug appears to be
more toxic than the drug-loaded !PLs in the cell viability tests of
Fig. 7A.

3.6. In vivo therapeutic e!cacy of CURC-!PLs

Based on the in vitro results, !PLs could be used as depots for the
local delivery of a variety of anti-in$ammatory drugs. As a proof of
principle, the anti-in$ammatory e#ect of CURC-!PLs was tested in a
murine model of skin burns. [42] These are induced on the skin of mice
exposed to UVB for 20 min at 1000 mJ. Typical cutaneous manifesta-
tions on the skin after UVB exposure are erythema and redness. This
pathological condition is also associated with an increase in the pro-
duction of in$ammatory mediators and tissue in!ltration of immune
cells [48,49]. Thus, the use of natural, antioxidant agents, such as
CURC, would target reactive oxygen species (ROS) and ameliorate the
local cutaneous conditions. [50,51] Based on this reasoning, CURC-
!PLs were applied over the irradiated mouse skin and the cutaneous
levels of pro-in$ammatory cytokines (IL-6, IL-1#, TNF-") was assessed
at 48 h post irradiation. In order to keep the therapeutic solution in
place over the damaged skin, either free CURC or CURC-!PLs were !rst
dispersed in a PEG solution and then deposited over the burn. Three
experimental groups were considered, namely a UVB treated group
with just the application of the PEG solution; a group with free CURC
dispersed within the PEG solution (1 daily application for a total of 2
applications); and a group with CURC-!PLs dispersed in the PEG solu-
tion (1 application). A schematic representation of the experimental
procedure is shown in Fig. 8A. The cutaneous expression of the pro-
in$ammatory cytokines is assessed for all three experimental groups
and compared to that of mice that were not exposed to UVB light (not
UVB-exposed, naïve). The data in Fig. 8B document that one sole ap-
plication of CURC-!PLs signi!cantly reduces the expression of all cy-
tokines as compared to the untreated group. Speci!cally, the expres-
sions of IL-6, IL-1#, and TNF-" were up to 8.4 (p <0.001), 9.6
(p <0.01) and 4.6 (p <0.001) times lower than for the untreated
group, respectively. A reduction was also observed for the animals
treated with free CURC, but two topical applications were required to
reduce the expression of in$ammatory cytokines by 2.5 (p <0.001),
3.1 (p < 0.01) and 1.6 (p <0.01) times, as compared to the untreated

Fig. 6. Free energy of translocation of DEX and CURC molecules out of a PLGA matrix into an aqueous solution. Representation of the computational domain
including PLGA polymer chains (orange); water molecules (blue) and the drug molecule (green). Three di#erent con!gurations of the drug are shown for the
umbrella window, at z = 0.5; 2; and 3 nm (Left). Variation of the free energy of translocation for DEX (orange curve) and CURC (blue curve) across the PLGA matrix,
the interface and within the aqueous solution (Right). Error bars were computed using the bootstrapping method [36], where the error is estimated form di#erences
between di#erent sampling windows. (For interpretation of the references to colour in this !gure legend, the reader is referred to the web version of this article.)
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Figure 3_Free energy of translocation of dexamethasone (DEX) and curcumin (CURC) molecules out of a PLGA matrix into
an aqueous solution. Representation of the computational domain including PLGA polymer chains (orange); water
molecules (blue) and the drug molecule (green). Three different configurations of the drug are shown for the umbrella
window, at z = 0.5; 2; and 3 nm (Left). Variation of the free energy of translocation for DEX (orange curve) and CURC (blue
curve) across the PLGA matrix, the interface and within the aqueous solution (Right). Error bars were computed using the
bootstrapping method, where the error is estimated form differences between different sampling windows.

height is generally associated with a faster release (see !rst column in
Figs. 4 and 5). On the contrary, for DEX laoded particles, an increase in
!PL height is generally associated with a slower release (see second
column in Figs. 4 and 5). This should be possibly ascribed to the higher
a"nity of DEX for the PLGA matrix of !PLs as compared to CURC. The
statistical analysis for the release data is available in the Supporting
Tables 2–3.

Passive drug release from a polymeric matrix is governed by mul-
tiple mechanisms. However, dominating factors are the di#usion of the
drug molecules from the matrix core to the surrounding aqueous en-
vironment; and the erosion of the polymer matrix that facilitates drug
di#usion. [45] The !rst process is a#ected by the molecular weight
(MW) of the drug, as di#usion decreases with MW, and the size of the
pores in the polymeric matrix, as di#usion decreases with a more
compact matrix. [46] The second process is a#ected by the progressive
in!ltration of water molecules into the polymer matrix and occurs over
a longer time frame (weeks to months). Therefore, a higher polymer
density (i.e.: PLGA mass for a given volume) would tend to reduce the
size of the pores within the matrix, increase the overall hydrophobicity
of the system and consequently slow down the release process. Inter-
estingly, as shown for the 20 mg con!gurations, the higher polymer
amount can dramatically modulate the burst release.

In order to con!rm that drug release out of the !PLs is primarily
di#usion controlled in the current con!guration, a number of tests were
conducted. First, as reported in the Supporting Figs. 3 and 4, the !PL
degradation process, for both particle con!gurations and all PLGA
masses, becomes relevant only at longer time points (several weeks),
when a signi!cant portion of the drug has been already released [30].
Similar results were also obtained via Multisizer analyses (Supporting
Fig. 3B and 4B). Single overlapped peaks between 10 and 15 !m for the
5 !m short !PLs, and around 20 !m for 10 !m tall !PLs were obtained
after 10 days. Finally, the Weibull equation, an empirical approach
commonly used to model and interpret drug release pro!les, was also
used. [33] The Weibull model parameters (a, b) and the corresponding
!tting accuracy (R2) for the in vitro release pro!les of both drugs (DEX

and CURC) and all tested particle con!gurations are listed in the Sup-
porting Tables 4–7. This analysis showed that the release mechanism
under in!nite sink conditions, for both !PLs con!gurations and drugs,
was characterized as di#usion-controlled for all PLGA masses
(b < 0.75 indicates a di#usion-controlled release mechanism). This
was also the case of DEX for release studies conducted under con!ned
volume conditions. In the case of CURC release, the so-called super case
II transport mechanism was observed with b > 0.85. This process is
primarily associated with the release of drug molecules from glassy
polymers via chain relaxation. In other words, as water enters the
polymeric structure, it plasticizes the core lowering the glass transition
temperature Tg. When Tg reaches the system temperature, the polymer
chains relax, increasing volume and promoting drug mobility. [47] All
these tests do con!rm that CURC and DEX di#usion out of !PLs is
dominated by drug di#usion rather than polymer erosion, within the
temporal window of observation.

Along this line, molecular dynamics simulations were also per-
formed to estimate the free energy of translocation for both DEX and
CURC across the PLGA matrix into an aqueous solution. The translo-
cation energy was calculated by employing an umbrella sampling
method. Data are presented in Fig. 6. The left panel in Fig. 6 shows the
computational domain, including the PLGA matrix (orange), the water
solution (blue) and a representative drug molecule (green) in three
di#erent con!gurations. The right panel in Fig. 6 shows the variation of
the free energy of translocation for DEX (orange curve) and CURC
(green curve) moving along the path from the !PL PLGA matrix
(z < 2 nm) to the interface (z ~ 2 nm) and the aqueous solution
(z > 2 nm). Both considered drug molecules are hydrophobic and
prefer to stay within the PLGA matrix and, at z = 0 nm (i.e.: inside
!PLs). Free energy barriers of 33.4±0.9 kcal mol!1 and
23.1 ±1.0 kcal mol!1 for the translocation of DEX and CURC from the
PLGA matrix (DP = 64) to the aqueous solution were estimated, re-
spectively. Indeed, these values of the free energy barrier increase with
the PLGA molecular weight. Free energy barriers of
13 ± 0.5 kcal mol!1 and 9.3± 0.8 kcal mol!1 were estimated for the

Fig. 5. In vitro CURC and DEX release pro!les under sink conditions (4.0 L) as a function of the !PL geometry and PLGA concentration. Release pro!les of 5 and
10 !m CURC-!PLs and DEX-!PLs in 4 L of PBS bu#er. (pH = 7.4). The statistical analysis for the release data is available in the Supporting Information.

M. Di Francesco, et al. -RXUQDO�RI�&RQWUROOHG�5HOHDVH���������������²���

���

Figure 4_In vitro CURC and DEX release profiles under sink conditions (4.0 L) as a function
of the μPL geometry and PLGA concentration. Release profiles of 5 and 10 μm CURC-μPLs
and DEX-μPLs in 4 L of PBS buffer. (pH = 7.4).
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Atoms feel forces and want to move: the molecular system explores all the
energetically accessible configurations and properties can be statistically
determined
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