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ABSTRACT Ultrasmall polymer nanoparticles are rapidly gaining
importance as nanocarriers for drugs and contrast agents. Here, a
straightforward modular approach to efficiently loaded and stable
sub-20-nm polymer particles is developed. In order to obtain
ultrasmall polymer nanoparticles, we investigated the influence of
one to two charged groups per polymer chain on the size of particles
obtained by nanoprecipitation. Negatively charged carboxylate and
sulfonate or positively charged trimethylammonium groups were
introduced into the polymers poly(p,L-lactide-co-glycolide) (PLGA),
polycaprolactone (PCL), and poly(methyl methacrylate) (PMMA).
According to dynamic light scattering, atomic force and electron

O

nano-

precipitation

fluorescence

microscopy, the presence of one to two charged groups per polymer chain can strongly reduce the size of polymer nanoparticles made by nanoprecipitation.

The particle size can be further decreased to less than 15 nm by decreasing the concentration of polymer in the solvent used for nanoprecipitation. We then

show that even very small nanocarriers of 15 nm size preserve the capacity to encapsulate large amounts of ionic dyes with bulky counterions at efficiencies

>90%, which generates polymer nanoparticles 10-fold brighter than quantum dots of the same size. Postmodification of their surface with the PEG

containing amphiphiles Tween 80 and pluronic F-127 led to particles that were stable under physiological conditions and in the presence of 10% fetal

bovine serum. This modular route could become a general method for the preparation of ultrasmall polymer nanoparticles as nanocarriers of contrast

agents and drugs.
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cles (polymer NPs) have gained a high

degree of importance as carriers in drug
delivery." They allow facile encapsulation
of a vast choice of small molecules and their
controlled release over time and/or follow-
ing external stimuli. However, this research
was mainly focused on NPs in the range of
50 to 250 nm, because they should be small
enough to avoid fast clearance by the re-
ticuloendothelial system,* but large enough
to avoid rapid elimination through the
kidneys.” Though the field of NPs below
50 nm is underexplored, recent works
showed that these NPs may have a great
future in biomedical research. First, the en-
hanced permeation and retention effect

In the past decades, polymer nanoparti-
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(EPR) that allows passive targeting of tu-
mors is further enhanced for NPs of 50 nm
and less.° 8 Second, some NPs of very small
size can enter cells by crossing directly
the membrane barrier,”'° unlike larger par-
ticles, which enter the cells by endocytosis
or pinocytosis.' ' Finally, polymeric nanocar-
riers are rapidly gaining interest as contrast
agents and especially as ultrabright fluores-
cent markers,’?~"* a field, up to now, domi-
nated by inorganic particles especially by
quantum dots (QDs).'®"” For fluorescence
imaging, NPs should be as small as possible,
in order to be useful for detecting/tracking
biomolecules'®'® and super-resolution mi-
croscopy,’>?° while being able to access
small intracellular compartments.?’ These
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applications require robust and flexible synthesis of
nanocarriers, combining ultrasmall size, efficient load-
ing, adjustable core and surface properties.'®** The
latter have notably to be adapted to the use in
biological environments, which impose challenges in
view of particle stabilization and suppression of non-
specific interactions.?>*

The classical techniques used for the preparation of
NPs below 50 nm are based on in situ polymerization
(notably miniemulsion and microemulsion polymeri-
zation)?>% or on the formation of polymeric micelles
from block copolymers.?’3° Polymerization ap-
proaches have several limitations: (1) the molecules
have to be stable in the conditions of polymerization;
(2) the quantity of remaining monomers is difficult to
control; and (3) relatively large concentrations of sur-
factant are needed, which complicates the control of
the NP surface chemistry. In contrast, polymeric mi-
celles can be directly assembled from block copoly-
mers containing polyethylene glycol (PEG) as the
hydrophilic part that forms a biocompatible shell pre-
venting aggregation and nonspecific interactions.?'
However, achieving ultrasmall polymeric micelles re-
quires generally short block copolymers with a high
ratio of the hydrophilic to the hydrophobic block
length.>?*3 This leads to a thick shell with respect
to the core and a higher solubility of the individual
block copolymers in water, thus decreasing the en-
capsulation efficiency and the stability of the resulting
NPs, as well as increasing unwanted fast initial (burst)
release of the encapsulated compounds.3*~3°

An alternative and straightforward approach for
producing loaded polymer NPs is nanoprecipitation,
also called solvent displacement. Nanoprecipitation
only requires dissolving the polymer together with
the small molecule cargo in a water miscible solvent,
and adding this solution into a nonsolvent for the
polymer, most often water.*>*! Diffusion of the solvent
into the aqueous phase (and of the water into the
organic phase) leads to supersaturation and thus to the
formation of polymer NPs encapsulating the cargo
molecules. This simple and flexible protocol makes
nanoprecipitation an attractive technique for produc-
ing loaded polymer NPs.?242~*> However, most par-
ticles formed by this technique have sizes in the range
of 50 to 500 nm.2>*'4673% Recently, we described
the synthesis of 40 nm NPs from poly(p,.-lactide-co-
glycolide) (PLGA) by optimizing the mixing protocol
and decreasing the polymer concentration.® This
protocol enabled preparation of fluorescent polymer
NPs several times brighter than QDs. We hypothesized
that the charge at the end of the polymer chain might
help in reducing the particle size. This is in line with
scattered data in the literature, where the smallest
particles are often obtained using polymers bearing
charged groups or using charged surfactants.*'46>! >3
However, no systematic study on the influence of
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polymer charge is available, and polymer charge has
not been exploited to prepare ultrasmall polymer NPs.

In the present work we propose a modular approach
for preparation of ultrasmall NPs with efficient dye
loading based on charge-controlled nanoprecipitation
and further stabilization of the NPs by surfactants. We
first showed that nanoprecipitation into ultrasmall NPs
can be controlled by one to two charged groups in a
polymer. The concept was validated on polymers
frequently used in the biomaterials field, namely poly-
(p,L-lactide-co-glycolide) (PLGA) and polycaprolactone
(PCL), two biodegradable polyesters, and poly(methyl
methacrylate) (PMMA), a nonbiodegradable, acrylic
polymer. Optimizing the experimental conditions en-
abled preparation of particles of ~15 nm mean diam-
eter. Despite their small size, the particles encap-
sulated almost quantitatively large amounts of dyes,
leading to NPs more than 10 times as bright as QDs.
Finally, the NP stability in biological media (salts and
serum proteins) was ensured using PEGylated amphi-
philes that formed very thin protective shells at the
particle surface. Thus, our simple two-step modular
approach enables preparation of ultrasmall polymer
NPs stable in biological media and featuring excellent
fluorescence brightness due to efficient encapsulation
of organic dyes.

RESULTS

Modification of Polymers with Different Charged Groups. In
order to investigate the influence of the charge of the
polymer end groups, we modified the chain ends of
PLGA and PCL (Figure 1). The PLGA used had one
terminal carboxylic acid group, which allowed us in-
troducing end groups through amide coupling using
HBTU and HOBt with the corresponding amines: (1)
amine terminated PEGs, to introduce neutral PEG with
different chain lengths; (2) (2-aminoethyl)trimethy-
lammonium chloride, to introduce positively charged
trimethylammonium groups; and (3) taurine, to intro-
duce negatively charged sulfonate groups. In order to
evaluate the degree of modification of the end groups
we employed NMR spectroscopy (Figure 2, Supporting
Information Figure S1 for PCL and PMMA). For instance,
the introduction of a PEG comprising 24 ethylene
glycol (CH,CH,0) units led to the appearance of signals
at 3.66, 3.64, 3.48, and 3.38 ppm corresponding to the
CH, groups of the PEG. Together the intensity of these
signals was 0.44 compared to one proton in one of the
repeat units. The expected value for the total of 48 CH,
groups of a PEG of 24 units at the end of a chain
containing 185 lactic and 185 glycolic acid units would
be 1/185 x 2 x 48 = 0.52. This yields a degree of
modification of the terminal acid groups of the PLGA of
85%. Taking into account that the reprecipitation
procedure probably led to an increase of the mean
molecular weight of the polymer, the actual degree of
modification might even be higher than 85%. Similar
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Figure 1. Chemically modified polymers used in this study and schematic view of synthesis of dye loaded NPs. Poly(p,L-
lactide-co-glycolide) (PLGA) bearing a carboxylate group at one chain end, polycaprolactone (PCL) bearing hydroxyl groups
at both chain ends, and a copolymer of poly(methyl methacrylate) (PMMA) with methacrylic acid were modified with PEG,
carboxylate, sulfonate, and trimethylammonium groups. A salt of rhodamine B octadecyl ester (R18) with tetrakis-
(pentafluorophenyl)borate (F5-TPB) as counterion was used as dye for encapsulation.
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Figure 2. THNMR spectra of parent PLGA (PLGA-COOH) and
PLGA modified with different terminal groups.

analysis was applied to the other types of modification,
yielding a degree of modification of 88 and 90% for
trimethylammonium and sulfonate groups, respec-
tively. The PCL used bears two terminal hydroxy
groups, which were reacted with succinic anhydride
to introduce carboxyl functionalities. The resulting
spectra showed a multiplet at 2.63 ppm attributed to
the CH, groups of the succinic amide (Supporting
Information Figure S1). The associated intensity gave
a degree of modification of around 80%. The result-
ing PCL-COOH was then reacted with taurine and
2-(aminoethyl)trimethylammonium chloride in the
same way as PLGA, giving degrees of modification of
77 and 70% for introduction of the sulfonate and
trimethylammonium groups, respectively, which ac-
counts for the modification of both chain ends (i.e.,
about 1.5 groups per chain). As a carboxylate bearing

form of PMMA we used a copolymer of methyl meth-
acrylate with 1.3% methacrylic acid (Figure 1), which
corresponds on average to 2 carboxylate groups per
chain. Reaction with taurine and 2-(aminoethyl)
trimethylammonium chloride yielded a degree of
modification of about 85 and 60%, respectively.
Influence of the End Groups on Particle Size and Zeta-
Potential. The influence of a single polar group at the
polymer chain end on the size of NPs, made by nano-
precipitation, was then investigated. Earlier we showed
that nanoprecipitation of PLGA-COOH from acetoni-
trile solution into 20 mM phosphate buffer gave
~40 nm particles. To maximize the effect of charge
we first performed nanoprecipitation of PLGA poly-
mers bearing different end groups in Milli-Q water.
Dynamic light scattering (DLS) showed that the size of
the obtained NPs decreased in the following order with
respect to the end groups PEG;, > PEG,4 > COOH >
NMes; > SOsH (Figure 3a), for PLGA polymers of
two different molecular weights (7000 and 24 000)
(Figure 3). The size decreased from 150 nm for PEG;,
end groups to 25 nm for SOzH end groups. Noticeably,
NPs obtained from PLGA-COOH, i.e., the parent PLGA,
were the largest among polymers bearing charged
groups. Transmission electron microscopy (TEM) con-
firmed the observed trends in the particle sizes
(Figure 3c), but gave somewhat smaller mean size
values as compared to DLS data. Though the polydis-
persity index given by DLS remained below 0.2 for all
particles, TEM showed some inhomogeneities in the
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Figure 3. Influence of the end groups on size and zeta potential of PLGA nanoparticles. (a) Size and (b) zeta potential of
nanoparticles made from PLGA with different end groups as measured by dynamic light scattering. Nanoparticles were made
from PLGA of two different molecular weights (24 000 and 7000). (c) TEM images and size histograms of nanoparticles from
PLGA 24 000 with different end groups. In all cases the PLGA concentration was 2 mg mL ™ in acetonitrile, and water was used
as the nonsolvent. Values for the size are averages of volume distribution mean values; the error bars correspond to s.e.m. The

scale bars correspond to 100 nm.

particle sizes for the PEGylated PLGA. The zeta po-
tentials of the obtained NPs were clearly negative
for PLGAs with carboxy and sulfonate end groups
(—40 mV) and positive for PLGA-NMes (+15 mV)
(Figure 3b). In the case of PLGA—PEG, they were
between —30 and —40 mV. The NPs thus showed a
general tendency to be negatively charged, probably
due to the ~10% remaining unreacted carboxy groups
and deprotonation at the particle surface. Interestingly,
uncharged PLGA—PEG gave smaller NPs for lower
molecular weight, while charged PLGA polymers, espe-
cially bearing amine and sulfonate groups, gave smal-
ler NPs for higher molecular weight (Figure 3a).

We then investigated whether this behavior as a
function of the charge was limited to PLGA, or if it
occurred more generally for different types of polymer
backbones. We, hence, chose two other polymers, PCL
and PMMA frequently used in biomedical applications.
The former is, as PLGA, an aliphatic polyester, yet with a
longer hydrocarbon chain between the ester groups,
making it more hydrophobic and crystalline. PMMA
is an acrylate polymer with an all carbon backbone
characterized by a relatively high glass transition tem-
perature >100 °C. For PCL the charged groups were
introduced at the chain ends, though in this case both
ends were modified. On the other hand, in PMMA the
charged groups occurred at random positions along
the chain. As for PLGA, the particle size of modified
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PMMA and PCL depended strongly on the nature of the
polar group (Figure 4). For all three polymers the size of
particles made from uncharged chains was largest,
being typically above 100 nm. Carboxylate bearing
polymers led to medium-sized particles between 60
and 100 nm. The TEM images of particles from un-
charged and carboxy PMMA revealed a strong ten-
dency of aggregate formation (this also made an
analysis of the particle sizes difficult). Sulfonate and
trimethylammonium-bearing polymers gave the smal-
lest particles with sizes typically below 25 nm. The
influence of one to two charged groups per chain thus
outweighed largely the influence of the polymer type
on the particle size. The only noticeable influence
of the polymer type was that a minor population of
larger particles (about 1% by volume of 250 nm
particles) was systematically observed by DLS for PCL
and its derivatives.

In the light of the small influence of the polymer
type and molecular weight on particle size, the strong
difference between sulfonate and carboxylate groups
was surprising. We hypothesized that this might be
due to the carboxylate group being protonated more
readily, so that its (average) charge is reduced. Our
earlier studies showed effectively that in phosphate
buffer at pH 7.4, in which the carboxylate groups
should be completely ionized, PLGA gives much smal-
ler particles (~40 nm)'® than in Milli-Q water, reported
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Figure 4. Influence of the end groups on size and zeta potential of nanoparticles from different polymers. (a) Size and (b) zeta
potential of nanoparticles made from PLGA, PMMA, and PCL with different end or side groups as measured by dynamic light
scattering. Nanoparticles were made using 2 mg mL™" of PLGA (24 000) and 1 mg mL ™" for the other polymers in acetonitrile
and water as the nonsolvent. (c) TEM images and size histograms of nanoparticles from PMMA, PMMA-NMes;, PMMA-COOH,
and PMMA-SO;H. Values for the size are averages of volume distribution mean values; the error bars correspond to s.e.m. The

scale bars correspond to 100 nm.

here. Nanoprecipitation of all three carboxylate bear-
ing polymers in phosphate buffer at pH 7.4 showed
indeed that the obtained particles were in the range of
40 to 55 nm as measured by DLS, and thus significantly
smaller than in Milli-Q water (Figure 5). This indicated
that the observed difference between sulfonate and
carboxylate groups in water was effectively due to the
carboxylate groups being not completely deproto-
nated and hence bearing fewer charges.

By introducing one to two charged groups per
polymer chain we were hence able to reduce the size
of the polymer NPs made by nanoprecipitation from
over 100 to less than 25 nm. In order to decrease their
size further, we then reduced the concentration of the
polymer in acetonitrile for two representative exam-
ples: PLGA-COOH (M,, 7000) and PMMA-SOsH. This led
to very dilute particle solutions that could not be
measured with high precision using DLS. Atomic force
microscopy (AFM) and TEM were thus used instead.
Decreasing the concentration did lead to a decrease of
the particle size (Figure 6, Supporting Information
Figure S2 and S3). For PLGA-COOH a decrease of the
concentration down to 0.2 mg mL™' decreased the
mean diameter to about 14 nm. When the concentra-
tion was decreased further, no particles were detected
by AFM. We could speculate that at too low concentra-
tions the majority of the polymer was adsorbed on
the surface of the sample tube. In the case of PMMA-
SOsH the particle diameter could be decreased to
14.5 nm when decreasing the polymer concentration
to 0.2 mg mL™". When the concentration was further
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size (nm)

Figure 5. Influence of the nonsolvent on the particle size
for carboxylate bearing polymers. Nanoparticles were
made using solutions in acetonitrile (2 mg mL~" for PLGA,
1 mg mL™" for the other polymers) and either water or
20 mM phosphate buffer (pH of 7.4) as nonsolvent. Values
are averages of volume distribution means; the error bars
correspond to s.e.m.

reduced to 0.1 mg mL™", there was a further decrease
of the size but only for a part of the NPs, while another
part of the particles showed larger sizes of around
18 nm (Figure 6b, Supporting Information Figure S3),
thus indicating that again the system was close to the
limits of controlled particle formation.

Ultrasmall Nanocarriers as Fluorescent Nanoparticles. In
the next step we verified whether charge controlled
nanoprecipitation is suitable for encapsulating mol-
ecules in our ultrasmall nanoparticles. As a model
system we chose a fluorescent dye which can be
readily detected and should lead to dye-doped fluo-
rescent nanoparticles—organic analogues of quantum
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dots. The selected fluorescent dopant was a salt of
a cationic dye, rhodamine B octadecyl ester (R18), with
a bulky hydrophobic counterion, tetrakis(pentafluo-
rophenyl)borate (F5-TPB) (Figure 1). In this system the
hydrophobic counterion plays the role of a spacer that

a b
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Figure 6. Influence of the polymer concentration on the
particle size for (a) PLGA-COOH (M,, 7000) precipitated in
20 mM phosphate buffer (pH 7.4) and (b) PMMA-SOsH
precipitated in water. Values given for DLS are averages
of volume distribution means; the error bars correspond to
s.e.m. Values given for AFM and TEM are averages over at
least 50 particles; the error bars correspond to the standard
deviation.
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prevents aggregation-induced self-quenching of ionic
dyes and facilitates their encapsulation.'” Encapsula-
tion is achieved simply by mixing the dye solution
at the desired concentration with the polymer solution
in acetonitrile followed by nanoprecipitation. Using
ultracentrifugation, we were able to keep the ultra-
small PMMA-SOzH NPs in suspension and to remove
the nonencapsulated dye salt, which presumably
formed large aggregates in water. Measuring the
absorbance of the precipitation solutions showed that
in the presence of polymer the dye concentration
decreased by less than 10% upon ultracentrifugation
(Supporting Information Figure S4). In the absence of
the polymer, however, more than 95% of the dye salt
were removed from the solution after ultracentrifuga-
tion. These measurements thus enabled evaluation of
the degree of dye encapsulation in our nanoparticles.
For the tested 0.5 to 5 wt % range the dye salt could be
encapsulated into PMMA-SOsH NPs with at least 90%
efficiency (Figure 7a). Using a polymer concentration
of 0.2 mg mL™", we could obtain NPs of 15 nm loaded
with 5 wt % of R18/F5-TPB (Figure 7b). Fluores-
cence microscopy of these NPs immobilized on a sur-
face revealed their excellent brightness. Indeed, the

frequency
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Figure 7. Dye-loaded fluorescent polymer nanoparticles. (a) Encapsulation efficiencies (estimated minimum percentage of the
dye that was encapsulated in NPs) for R18/F5-TPB in PMMA-SO3H nanoparticles. (b) TEM image and size histogram of the dye
loaded PMMA-SOsH nanoparticles. Scale bar 100 nm. Fluorescence microscopy images of (c) quantum dots (QDs, Qdot 585
Streptavidin Conjugates, Life Technologies) and (d) PMMA-SOsH nanoparticles loaded with 5 wt % R18/F5-TPB obtained under
the same conditions of illumination and recording, and (e) the corresponding distributions of single particle brightnesses.
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dye loaded NPs were found to have a median single
particle brightness of 6000 au and thus to be more than
10-fold brighter than commercial streptavidin bearing
quantum dots of about the same size (15—20 nm
according to the manufacturer) that had a median
brightness of 400 au when imaged under the same
conditions (Figure 7¢,d,e).

Nanoparticle Stability and Interaction with Proteins. In
order to be of practical use as nanocarriers, NPs have
to be stable in biological media; i.e., they should not
aggregate at physiological salt concentrations and
show minimal interaction with proteins. The influence
of the medium on fluorescent NPs can be conveniently
tested by fluorescence correlation spectroscopy (FCS),
which allows measuring simultaneously their hydro-
dynamic diameter and concentration as well as esti-
mating the dye release of NPs.>** For our native 15 nm
PMMA-SOsH NPs loaded with R18/F5-TPB, FCS mea-
surements showed a nearly complete precipitation of
the NPs in phosphate buffered saline (PBS, Figure 8).
In the presence of 10% fetal bovine serum (FBS) the
hydrodynamic diameter of the NPs was observed to
increase from 15 to 27 nm, while their concentration
decreased by a factor close to 2. These NPs were hence
not stable under physiological conditions. This was not
really surprising as the average density of the sulfonate
groups on their surface is one per 6.5 nm? and proteins
adsorb even on like-charged NPs.>® This means that the
major part of the NP surface is occupied by relatively
hydrophobic PMMA, which may favor adsorption of
serum proteins and aggregation, when the repulsive
forces of the sulfonate groups are screened by salt.
On the other hand, this partially hydrophobic surface
offers the possibility of surface modification using
amphiphilic compounds. In order to reduce the effects
of proteins and salts, amphiphiles containing PEG as
the hydrophilic part are of particular interest.'83'>7
According to FCS, addition of the nonionic surfactant
Tween 80 (Polysorbate 80) and the amphiphilic block
copolymer pluronic F-127 to our 15 nm NPs led only to
a slight increase of their hydrodynamic diameter by
3 and 9 nm, respectively, indicating formation of a thin
surfactant shell (Figure 8). Importantly, this surface
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modification made our NPs stable in PBS, as shown
by the marginal changes in their size and concentra-
tion, in contrast to bare NPs (Figure 8). Furthermore,
the particle size and concentrations remained stable
after addition of 10% FBS, indicating that protein
adsorption was largely inhibited after NP treatment
with the surfactants. In addition, no increase in the
concentration and no significant change of the particle
brightness were observed (Figure 8b, Supporting In-
formation Figure S6), indicating that no dye release
occurred. Remarkably, the stabilization of NPs in phy-
siological media was achieved at very low surfactant
concentrations, namely 0.01-0.025 g/L (Support-
ing Information Figure S5), which are close to the
critical micellar concentration (CMC) of Tween 80
(0.015 g/L),*® but far below the CMC of pluronic F-127
(2.6—8.0 g/L).>° Thus, a two-step modular approach,
based on nanoprecipitation and further stabilization
by a surfactant, allows obtaining sub-20-nm particles
that are stable in physiological conditions and that
show minimal interaction with proteins.

DISCUSSION

In the first part of this work we studied the influence
of charged groups in PLGA, PCL, and PMMA polymers
on the formation of particles through nanoprecipita-
tion. Surprisingly, we found that the size of the result-
ing NPs was controlled by only one to two charged
groups per polymer chain, while the nature of the
polymer backbone and the molecular weight had a
minor influence. Sulfonate and trimethylammonium
groups, which are assumed to be fully charged under
the used conditions, were the most effective for
obtaining small particles. The size could be further
decreased by decreasing the polymer concentra-
tion, which led to sub-15-nm particles. To better under-
stand the origin of this phenomenon, the mechanism
of particle formation has to be considered. In the
case of low organic to aqueous phase ratios and
low polymer concentrations, a nucleation and growth
(or binodal) process is generally considered to prevail
over spinodal decomposition, which consists in a
rapid unmixing giving separate solid and liquid
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phases.*!#>#65061 yron mixing of the organic and
aqueous phase diffusion of the solvent into the aque-
ous phase (and vice versa) leads to a local super-
saturation of the polymer. This supersaturation is the
driving force for spontaneous nucleation and further
growth of the so-formed primary particles. The final
size of the particles then depends on the relative rates
of nucleation, growth, and aggregation, with the smal-
lest particles being formed at high nucleation rates,
low growth rates, and very low aggregation rates.*>®'
The nucleation rate increases with decreasing nuclea-
tion parameter: y%/In[S1>, where y is the interfacial
tension between the formed particles and the solution,
and S is the supersaturation parameter. Turbidity mea-
surements showed that the solubility in acetonitrile—
water mixtures did not vary significantly for polymers
having different end groups (Supporting Informa-
tion Figure S7). As a consequence, for the identical
concentrations used, the S value should not change
drastically either. On the other hand, as the most
hydrophilic groups are probably at the surface of the
particles, the interfacial tension y should be reduced
strongly by charged groups and PEG. Thus, the pres-
ence of charged groups should reduce the nucleation
parameter and hence increase the nucleation rate,
leading to formation of smaller particles. The particle
growth rate is proportional to the supersaturation
S and the mass transfer coefficient k,,,, corresponding
to the rate constant of transport of mass to the growing
particle. The latter decreases if charged polymers have
to be brought to particles bearing the same charge.
The decrease in the growth rate due to the presence of
charges should then favor the formation of smaller
particles. Finally, aggregation is prevented by a zeta
potential more positive (negative) than +(—)30 mV.
For negatively charged (and uncharged) polymers, the
zeta potentials of the formed particles were indeed at
least —30 mV, independently of their size. The zeta
potential depends on the density of charges on the
surface. Charged groups on the polymer thus help
reach a potential necessary for preventing aggregation
at smaller particle sizes and hence help stabilize small
particles. This is in agreement with TEM micrographs
that showed a tendency of aggregation notably for
uncharged PMMA (Figure 4). The mechanism should
be similar for the positively charged polymers, though
the zeta potentials of their NPs were slightly smaller
(15—20 mV). In summary, the presence of charged
groups thus increases nucleation rates and decreases
growth and aggregation rates. All three processes
occurring during particle formation are hence pushed
toward formation of smaller particles, which can ex-
plain the strong influence of the presence of one to two
charged groups per polymer chain. The observed
smaller particle size for higher molecular weight in
case of charged PLGAs can be explained by a kinetic
control of the growth step, where the mass transfer
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coefficient k,, decreases with increasing molecular
weight. In the presence of neutral PEG groups a larger
influence of thermodynamic factors on the control of
the particle growth is assumed. Stabilization and re-
pulsion is then reached through optimization of the
density of PEG on the surface, and for lower polymer
molecular weight a given density is reached for smaller
particle sizes.

A remarkable feature of the NPs prepared by charge-
controlled nanoprecipitation is the nearly quantitative
encapsulation of organic dyes. Moreover, according to
the FCS data, no burst release of the dye was observed
in a biological medium, PBS with 10% serum, which is
an excellent recipient of apolar molecules. In contrast,
small micellar NPs prepared from block copolymers
present relatively low encapsulation efficiency®>®® to-
gether with significant burst release.>* 3 This is prob-
ably related to the dynamic equilibrium between the
micelles and individual polymer molecules, due to their
partial solubility in aqueous solution. In contrast, the
polymers used here for the preparation of NPs through
charge-controlled nanoprecipitation have only a mini-
mal number of charges and thus a very low water
solubility (Supporting Information Figure S7). The latter
should favor the stable and nearly quantitative encap-
sulation of hydrophobic molecules inside these parti-
cles and the undetectable burst release in serum. It
should be noted, that the choice of the hydrophobic
molecule for encapsulation is also important. As we
showed earlier,”” efficient encapsulation of cationic
dye R18 can be achieved using bulky hydrophobic
counterions that make the dye more hydrophobic
and prevent it from accumulating at the negatively
charged particle surface.

The third important feature is the effective stabiliza-
tion of our charged NPs by remarkably small concen-
trations of surfactants, which are significantly lower
than those normally used in nanoprecipitation.5*~%%
Tween and pluronic amphiphiles are known to stabilize
uncoated NPs after their preparation.°”®® Here we
showed using FCS that the surfactant shell is only 1.5
and 4.5 nm thick for Tween 80 and pluronic F-127,
respectively. This thickness is smaller than the hydro-
dynamic radius of 3—5 nm®® and 10—12 nm’° of the
micelles formed by Tween 80 and pluronic F-127,
respectively. Therefore, we can speculate that surfac-
tants at these low concentrations underwent a strong
adsorption of their alkyl chains at the hydrophobic sites
of the NPs without forming a lipid monolayer, and thus
gave an ultrathin protective shell (Figure 9). Remark-
ably, this shell was sufficiently stable to prevent particle
aggregation in salts and protect the NPs from adsorp-
tion of serum proteins. Some reports showed that
surfactants are not absolutely necessary for prepara-
tion of polyester NPs.”"”? According to our data, the
surfactants are indeed not necessary for particle prep-
aration, but they are important as “corona” that
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Figure 9. Scheme of the modular two-steps approach used
to prepare stable nanocarriers through charge-controlled
nanoprecipitation. A polymer bearing a charged group is
mixed with a cargo molecule (the dye salt) in an organic
solvent and precipitated in water. The resulting particles are
stabilized in a second step using Tween 80 or pluronic F-127.

can be added after particle preparation and serve to
protect the NPs from aggregation and nonspecific
interactions. Thus, we propose a two-step modular
approach for the synthesis of ultrasmall nanoparticles,
consisting in (1) charge controlled nanoprecipitation in

MATERIALS AND METHODS

Materials. Poly(p,.-lactide-co-glycolide) (PLGA noted here as
PLGA-COOH, lactide 50 mol %, glycolide 50 mol %, acid
terminated, M, 24000, PDI 1.7, and M, 8800, PDI 1.7), poly-
caprolactone (o,w-dihydroxy functional, M, ~10000, M,,
~14000), poly(methyl methacrylate) (PMMA, M,, 120 000), poly-
(methyl methacrylate-co-methacrylic acid) (PMMAMA noted
here as PMMA-COOH, 1,3% methacrylic acid, M,, ~15 000, M,,
~34000), N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU, >98.0%), 1-hydroxybenzotriazole
hydrate (HOBt, >99.0%), N,N-diisopropylethylamine (DIPEA,
99,5%), acetonitrile (@anhydrous, 99.8%), dichloromethane (an-
hydrous, >99.8%), (2-aminoethyl) trimethylammonium chlo-
ride hydrochloride (99%), rhodamine B octadecyl ester perchlo-
rate (>98.0%), lithium tetrakis(pentafluorophenyl)borate ethyl
etherate, Tween 80, pluronic F-127 were purchased from Sigma-
Aldrich. Amine terminated polyethylene glycols (H,N-PEG(8)N3,
H,N-PEG(12)N3, H,N-PEG(24)Ns;) were purchased from Iris
Biotech. N,N'-dimethylformamide (absolute >99.8%) and succi-
nic anhydride were purchased from AlfaAesar. 2-Aminoethane-
sulfonic acid (taurine, >98%) was obtained from TCl. Sodium
phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium
phosphate dibasic dihydrate (>99.0%, Sigma-Aldrich) were
used to prepare 20 mM phosphate buffer solutions at pH 7.4;
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low-salt conditions, followed by (2) stabilization of the
particle surface by a surfactant (Figure 9). This highly
flexible approach can be, in principle, extended to other
polymers and other types of surface modification.

CONCLUSION

Ultrasmall nanoparticles are of special interest as
nanocarriers of contrast agents and drugs. Here we
have developed charge controlled nanoprecipiation as
a modular approach to the assembly of ultrasmall
stable polymeric nanocarriers. We showed that the
presence of only one to two charged groups per
polymer chain can strongly reduce the size of polymer
nanoparticles made by nanoprecipitation. This con-
cept works with negatively charged groups, such as
carboxyl and sulfonate as well as with positively
charged trimethylammonium. Its success with three
quite different types of polymers (PLGA, PCL, and
PMMA) suggests its general usefulness for the pre-
paration of polymer nanocarriers. Moreover, the par-
ticle size can be further decreased to less than 15 nm
by minimizing the concentration of polymer in the
solvent used for nanoprecipitation. We further
showed that even very small nanoparticles of 15 nm
size preserve the capacity to encapsulate efficiently
large amounts of ionic dyes with bulky counterions,
which generates polymer nanoparticles 10-fold
brighter than quantum dots of the same size. These
nanocarriers could be stabilized by surface modifica-
tion using PEG-containing amphiphiles, leading to
particles that show minimal interactions with pro-
teins. This straightforward and modular route could
become a general approach for the preparation of
ultrasmall polymer nanoparticles as nanocarriers of
contrast agents and drugs.

tris(hydroxymethyl)laminomethane (Tris base, >99.8%, Sigma-
Aldrich) and HCI (1 M) were used to prepare 20 mM Tris buffer
with a pH of 7.4. Milli-Q water (Millipore) was used in all
experiments. Qdot 585 Streptavidin Conjugates were pur-
chased from Life-Technologies.

Synthesis. Rhodamine B Octadecyl Ester Tetrakis(penta-
fluorophenyl)borate (R18/F5-TPB). Title compound was synthe-
sized by ion exchange and purified by column chromatography
as described previously.'?

PLGA—PEG. Givenis,asan example, the procedure for PLGA—
PEG,4 24 000: 40 mg of PLGA (0.0017 mmol, 1 equiv of COOH)
were dissolved in anhydrous dichloromethane (2 mL). To this
solution DIPEA (3 uL, 0.017 mmol, 10 equiv), HOBt (0.55 mg,
0.004 mmol, 2.4 equiv) and HBTU (1.27 mg, 0.003 mmol, 2 equiv)
were added as solutions in anhydrous dimethylforma-
mide (total of 1 mL) under argon. 3.7 mg of NH,-PEG(23)-N3
(0.003 mmol, 2 equiv) were dissolved in 0.3 mL of DMF and
added to the reaction mixture. After stirring for 18 h at room
temperature, part of the solvent was evaporated at 40 °C under
reduced pressure. The obtained solution was precipitated in
methanol. The precipitate was washed with methanol, redis-
solved in acetonitrile, and reprecipitated twice in methanol.
After drying under a vacuum, 27 mg of a white solid were
obtained (yield 65%). '"H NMR (400 MHz, CDCls): 8/ppm 5.3—5.1
(m, 1 H), 49—4.6 (m, 2 H), 430 (m, 0.011 H), 3.64 (m, 0.4 H), 3.47
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(br, 0.016 H), 3.38 (t, 0.011 H), 1.8—1.4 (m, 3 H). Degree of
modification 86%.

PLGA—PEG;, 24 000: 32 mg obtained (yield 79%). Degree of
modification 96%.

PLGA—PEGg 24 000: 15 mg obtained (yield 75%). Degree of
modification 94%.

PLGA—PEG,4 7000: 42 mg obtained (yield 73%). Degree of
modification 67%.

PLGA—PEG,, 7000: 35 mg obtained (yield 65%). Degree of
modification 69%.

PLGA—PEGg 7000: 17 mg obtained (yield 80%). Degree of
modification 66%.

PCL-COOH. The PCL (244 mg, 0.0244 mmol, 2 equiv of OH)
was dissolved in anhydrous acetonitrile (4,8 mL) at 40 °C.
Succinic anhydride (12.3 mg, 0.123 mmol, 5 equiv) and DIPEA
(50 uL, 0.302 mmol) were added under stirring. The mixture was
stirred at 45 °C under argon atmosphere for 18 h. The solvent
was evaporated under reduced pressure. After redissolution in a
small amount of acetonitrile the solution was precipitated in
methanol. The precipitate was washed with methanol, redis-
solved in acetonitrile, and reprecipitated twice in methanol.
After drying under a vacuum, 102 mg of a white solid were
obtained (yield 41%). "H NMR (400 MHz, CDCls): 6/ppm 4.05
(t,2H),3.7—3.6 (m, 0.09 H), 2.63 (m, 0.08 H), 2.30 (t, 2 H), 1.64 (m,
4 H), 1.38 (m, 2 H). Degree of modification 80%.

Trimethylammonium Bearing Polymers. The basic proce-
dure was the same for all polymers except that PCL-COOH
and PMMA-COOH were reacted at 40 °C; given are the quan-
tities used for PLGA-NMe3 24 000: The PLGA (40 mg, 0.0017
mmol, 1 equiv of COOH) was dissolved in anhydrous dichlor-
omethane (3 mL). 2-(Aminoethyl)trimethylammonium chloride
hydrochloride (3 mg, 0.017 mmol, 10 equiv), DIPEA (25 uL, 0.15
mmol, 88 equiv), HOBt (2.3 mg, 0.017 mmol, 10 equiv) and HBTU
(6.4 mg, 0.017 mmol, 10 equiv) were dissolved in anhydrous
dimethylformamide (total of 2 mL) and added to the PLGA
solution under argon. The mixture was stirred for 20 h at room
temperature. After evaporating part of the solvent at 40 °C
under reduced pressure, the solution was precipitated in
methanol. The precipitate was washed with methanol, redis-
solved in acetonitrile, and reprecipitated twice in methanol.
After drying under a vacuum, 25 mg of a white solid were
obtained (yield 63%). "H NMR (400 MHz, CDCl5): 0/ppm 5.3—5.1
(m, 1H),4.9—4.6 (m, 2H), 4.27 (m, 0.013 H), 3.76 (m, 0.009 H), 3.64
(br, 0.008 H), 3.26 (br, 0.043 H), 1.8—1.4 (m, 3 H).

PLGA-NMe; 7000 18 mg were obtained (yield 45%). Degree
of modification 88%.

PCL-NMej3: 12 mg obtained (yield 42%). Degree of modifica-
tion 70%.

PMMA-NMes: 82 mg obtained (yield 55%). Degree of mod-
ification 60%.

Sulfonate Bearing Polymers. The same procedure was used
for the introduction of sulfonate groups into all polymers
starting from the corresponding carboxyl bearing polymers.
Given is, as an example, the detailed procedure for PLGA-SO3zH
24000: The PLGA (102 mg, 0,0042 mmol, 1 equiv of COOH)
was dissolved in anhydrous DMF (1.5 mL) under argon. Taurine
(5.2 mg, 0.042 mmol, 10 equiv) and DIPEA (30 «L, 0.18 mmol)
were added to the solution, followed by the addition of HOBt
(4.6 mg, 0.034 mmol, 8 equiv) and HBTU (12.5 mg, 0.033 mmol,
8 equiv). The mixture was stirred under argon for 20 h at 40 °C.
After evaporating part of the solvent at 40 °C under reduced
pressure, the solution was precipitated in methanol. The
precipitate was washed with methanol, redissolved in acet-
onitrile, and reprecipitated twice in methanol. After drying
under a vacuum, 57 mg of a white solid were obtained (yield
55%). 'H NMR (400 MHz, CDCls): ¢/ppm 5.3—5.1 (m, 1 H),
4.9—4.6 (m, 2 H), 4.30 (m, 0.011 H), 3.80—3.65 (m, 0.020 H), 3.10
(0.006 H), 2.98 (m, 0.010 H), 1.8—1.4 (m, 3 H). Degree of
modification 91%.

PLGA-SOsH 7000: 75 mg obtained (yield 74%). Degree of
modification 86%.

PCL-SO3H: 157 mg obtained (yield 62%). Degree of mod-
ification 78%.

PMMA-SOsH: 114 mg obtained (yield 78%). Degree of
modification 85%.
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Nanoparticle Preparation. Stock solutions of the polymers in
acetonitrile were prepared at a concentration of 10 mg mL™".
These solutions were then diluted with acetonitrile to the
desired concentration (between 0.05 and 2 mg mL™"). 50 uL
of the polymer solutions were then added quickly using a
micropipette and under shaking (Thermomixer comfort, Eppen-
dorf, 1000 rpm) to 450 uL of water or buffer. PLGA and PMMA
based nanoparticles were prepared at 21 °C, PCL nanoparticles
were prepared at 27 °C. The particle solution was then quickly
diluted 5-fold with the same buffer. For preparation of fluo-
rescent nanoparticles, different concentrations of R18/F5-TPB
(05 to 5 wt % relative to the polymer) were added to the
acetonitrile solution used for particle preparation, and the parti-
cles were prepared as described above. For stabilization of NPs,
different amounts of 1 or 0.1 mg mL™" solutions of Tween 80 or
pluronic F-127 were added under stirring to the NP solutions.

Nanoparticle Characterization. Dynamic Light Scattering. mea-
surements for the determination of the size, size distribution,
and zeta-potential of the nanoparticles were performed on a
Zetasizer Nano series DTS 1060 (Malvern Instruments S.A.). The
mean value of the diameter of the size distribution per volume
was used for analysis. Each sample was measured three times
and each condition was tested at least in triplicate in indepen-
dent measurements. The errors (bars) are given as the standard
error of the mean.

Electron Microscopy. Five microliters of the particle solution
were deposited onto carbon-coated copper—rhodium electron
microscopy grids that were used either as obtained or following
an air or amylamine glow-discharge. The grids were then
treated for 1T min with a 2% uranyl acetate solution for staining.
They were then observed with a Philips CM120 transmission
electron microscope equipped with a LaBg filament and oper-
ating at 100 kV. Areas covered with nanoparticles of interest
were recorded at different magnifications on a Peltier cooled
CCD camera (Model 794, Gatan, Pleasanton, CA). Image analysis
was performed using the Fiji software.

Atomic Force Microscopy. AFM measurements were per-
formed using a commercial instrument (Solver Pro-M, NT-
MDT, Moscow) in the tapping mode in liquid phase. The
cantilever used were CSGO1 (NT-MDT, Moscow) with a typical
spring constant of 0.06 N/m and a resonance frequency of
11 kHz. Images were acquired with a resolution of 512 x 512
points and a scan rate of 1 Hz. The samples were prepared using
100 uL deposed on cleaved mica coated with polyethylenimine
(PEI) as described below. The measurements were performed
10 min after sample preparation. Analysis of particle popula-
tions was done using Gwydion 2.31 and Origin 8.0.

Encapsulation Efficiency. Eight milliliters of NP solution (at a
polymer concentration of 0.02 mg uL™' and containing be-
tween 0.5 and 5 wt % R18/F5-TPB) were ultracentrifuged using
polycarbonate thick-wall centrifuge tubes (Beckman Coulter
Inc.) in a Beckman Coulter Ultracentrifuge using a Ti90 rotor at
1250009 for 12 min at 23 °C. Absorbances at 555 nm before and
after ultracentrifugation were measured in the supernatant. The
same procedure was applied to the same amounts of dye in
water without the polymer. The encapsulation efficiency was
calculated from the percentage of absorbance remaining after
ultracentrifugation. To take into account the nonencapsulated
dye that might not be removed by ultracentrifugation, the
percentage of remaining absorbance in the absence of polymer
after ultracentrifugation was subtracted: encapsulation effi-
ciency — ANPafter/ANPbefore _ Adyeafter/Adyebefore.

Fluorescence Microscopy. For single particle fluorescence
microscopy measurements, the NPs were immobilized on glass
surfaces on which a polyethylenimine (PEl) layer was initially
adsorbed. The solutions of NPs were diluted to a particle
concentration of about 6 pM with water or buffer (particle
concentration before the dilution was estimated by fluores-
cence correlation spectroscopy, see below). 400 uL of these
solutions per cm? were then brought in contact with the PEI
covered glass for 15 min, followed by extensive rinsing with
Milli-Q-water. The surfaces were left in Milli-Q water during
microscopy. Quantum dots (Qdot 585 Streptavidin Conjugates,
life technologies) at 6 pM concentration were immobilized and
imaged in the same way as the NPs.
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Single particle measurements were performed in the TIRF
(Total Internal Reflection Fluorescence) mode on a homemade
wide-field setup based on an Olympus IX-71 microscope with an
oil immersion objective (NA = 1.49, 100x). A DPPS (Cobolt)
continuous wave (CW) laser emitting at 532 nm was used for
excitation. The laser intensity was set to 4.5 W cm ™2 by using a
polarizer and a half-wave plate (532 nm). The fluorescence
signal was recorded with an EMCCD (ImagEM Hamamatsu)
using an exposure of 30 ms per image frame. Single particle
analysis was performed using the Fiji software as described
previously.'>”? Briefly, particle locations were detected through
a Fiji routine applied to a projection (maximum intensity) of 100
frames. The mean intensities of circular regions of interest with a
diameter of 5 pixels around the found particle locations were
then measured. Background subtraction was then achieved by
measuring the mean intensities in circular bands around the
circular regions of interest and subtracting them. Three image
sequences (55 um x 55 um) per condition were analyzed with,
on average, 680 and 530 particles per image for PMMA-SOsH
NPs and QDs, respectively.

Fluorescence Correlation Spectroscopy (FCS) and NP Stability.
FCS measurements were performed on a two-photon platform
including an Olympus 1X70 inverted microscope, as described
previously.>>”# Two-photon excitation at 830 nm (10 mW laser
output power) was provided by an InSight DeepSee laser
(Spectra Physics). The measurements were carried out in 96-
well optical-bottom plates, using 125 uL per well. The focal spot
was set about 20 um above the cover- slip. The normalized
autocorrelation function, G(t), was calculated online using an
ALV-5000E correlator (ALV, Germany) from the fluorescence
fluctuations, OF(t), by G(z) = (OF(H)OF(t + )VF(t))? where (F(8)) is
the mean fluorescence signal and 7 is the lag time. Assuming
that NPs diffuse freely in a Gaussian excitation volume, the
correlation function, G(z), calculated from the fluorescence
fluctuations was fitted according to®*

1 7\ 2 1 7\ 2
G(r) = —( 1+— 14+= —
® N( ﬂd) (*md)

where 14 is the diffusion time, N is the mean number of
fluorescent species within the two-photon excitation volume,
and S is the ratio between the axial and lateral radii of the
excitation volume. The excitation volume is about 0.34 fL and
S is about 3 to 4. The typical data recording time was 5 min,
using freshly prepared NPs without further dilution. The mea-
surements were done with respect to 6-carboxy- tetramethylr-
hodamine (TMR from Sigma-Aldrich) in water, used as a
reference. The hydrodynamic diameter, d, of NPs was calculated
as dnps = Taps) /Tdamr) X drmr Where dryg is the hydrodynamic
diameter of TMR (1.0 nm). The concentration of NPs was
calculated from the number of species by C(NPs) = N(NPs)/
N(TMR) x C(TMR), using a TMR concentration of 140 nM.

NP stability in PBS was tested by adding 10 vol % of 10-fold
concentrated PBS to the solutions of the corresponding NPs
containing 1 wt % of R18/F5-TPB and measuring the hydro-
dynamic diameter and concentration. Interaction with 10 vol %
fetal bovine serum was tested in the same way.
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