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Design and Synthesis of Stimuli-Responsive Amphiphilic Nanoassemblies
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pH-induced Surface Charge Generation in Nanogels

Stimulus-induced changes in surface properties of nanoassemblies have been of interest
in a variety of applications. One such change involves change in surface charge. Changes
in surface charge can be conveniently assayed using interaction of the nanoassemblies with
cells. We have utilized the nanoassembly-cell interaction to investigate the pH-induced
changes in surface properties. Nanocarriers that can be effectively transported across
cellular membranes have potential in a variety of applications. It is well known that
nanocarriers with cationic surface charge are readily internalized by the cells because of their
higher affinity for the negatively charged phospholipid bilayer of cell membranes. However,
the positively charged nature of carriers may also induce non-specific interactions in serum,
leading to significant toxicities. In this context, stimuli-responsive charge conversional
systems have been used. Typically, it is desirable that the surface charge of nanoparticles be
neutral or even negatively charged under normal physiological conditions. Then, under the
aberrant pH conditions, the surface charge of these environment-responsive nanoparticles
become positive.

In this study, we designed a simple W proo g v
method to prepare polymeric nanogel g ; .
containing 2-(diisopropylamine) (DPA) g (T Q) . 3y

S+ &

moieties, which generate surface charge Mot et Sure Crorge Actvaed i
with pH as stimulus (Scheme 1). The DPA groups Chirge Generation Cellular Uptake
choice of DPA nanogel is based on its /\;N;« “i“d;“/:
pKy (about 6.2), which causes this ;i ; i
functional group to be rapidly 4 {
protonated upon change in the slightly i oy

o . e 1 Schematic illustrati hemical st
acidic conditions. We show that the pH Scheme 1 Sc ematic illustration and chemical structure
of polymeric nanogels for pH-induced surface charge

at which the charge is generated, i.e. the  generation and activated cellular uptake.

isoelectric point (pI) of the nanogel, can

be adjusted by varying the percentage of DPA units in the nanogel, its preparation process
and crosslinking density. Intracellular delivery of these nanogels was greatly enhanced in an
acidic pH environment due to the surface charge generation.

Four different copolymers with Table 1 Characteristics of PEGMAx-co-DPAy-co-PDSz

varying comonomer compositions were CcoPolymers (P1-P4).

: : : 1 “ Mn(kDa)* D"
synthesized via reversible — >tmple code bl n(kDa)
" . . P1 0.28/0.19/0.53 8.26 1.29
addition-fragmentation chain transfer
(RAFT) polymerization reaction. P2 0.28/0.36/0.36 102 1.34
. P3 0.26/0.49/0.25 8.36 1.23
Copolymers P1-P4 were synthesized by
P4° 0.26/0.32/0.42 12.3 1.51

simply varying the feed ratio of the

duri h | .. * Calculated weight ratio by |H NMR
monomers urlgg the polymerization. » Determined by GPC in THF using PMMA as standards
Copolymer P4 differs from the polymers °©The molecular weight of PEGMA is 350 g/mol



P1-P3, as P4 is synthesized by using a PEGMA with shorter length polyethyleneglycol side
chain (~350 g/mol). The number-average molecular weights (Mn) and dispersity (D =
Mw/Mn) of the copolymers were evaluated by GPC. The results are summarized in Table 1.

First, the pI indeed increased with the ratio of DPA
in the copolymer. The pl of the NG1 was found to be
6.2, while those of the NG2 and NG3 were found to be
6.7 and 6.8 respectively. These results are taken to
suggest that the surface charge generation is driven by
the protonation-induced charge build-up within the
interior of the nanogel. After a certain charge build-up,
the electrostatic is likely relieved by
presenting the protonated DPA units on the surface of
the nanogel. This change is achieved at higher pH in the
case of larger number of DPA units, because the critical
charge built-up can be achieved within the nanogel
interior relatively quickly. We also studied the effect of
length of OEG units on the charge conversion. We
found that the pl of the nanogel from NG4, which had
shorter OEG units, was slightly higher than those of
NG2 and NG3, even though the relative ratio of DPA
units was smaller in the case of NG4.

repulsion

Note that the crosslink density of NG4 was higher
than that of NG2 and NG3 in the experiment above.
The effect of crosslink density on pl was also studied
by preparing three nanogels of different crosslink
densities, labeled as NGI1-60x, NGI1-80x, and
NG1-100x respectively, indicating the percent crosslink
densities in each of the nanogels. As shown in Figure 2,

the pl for the NG1-60x is much higher than that of
NG1-80x, which was higher than that of NG1-100x.
These results suggest that: (i) the pH-induced surface
presentation of the DPA units, buried in the core of the
nanogel when hydrophobic and wunprotonated, is
influenced by the flexibility of the polymer chains;
and (ii) the higher pl of NG4, compared to NG2 and
NG3, is not due to the crosslink density variation and
is indeed due to the shorter OEG units on the surface
of NG4.

Next, we investigated the effect of nanogel
preparation conditions upon its pl; more specifically

. ——NGlI
——NG2
——NG3

(%)
=

S

—— NG4

=

Zeta potential (mV)
S

(%)
=3

-30
58 60 62 64 66 638

pH
Figure 1 Change in the zeta potential of
nanogels as a function of pH. NGI1 -
NG4 were made by using P1-P4 at pH
10. All nanogel crosslinking densities
were 100%, achieved by adding 50
mol% DTT with respect to PDS groups.
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Figure 1 Change in the zeta potential of
nanogels with different crosslinking
density as a function of pH. All
nanogels were made by using P1 at
pH10, and crosslinking density was
varied by changing the amount of DTT
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Figure 3 Change in the zeta potential of
nanogels as a function of pH.
Crosslinking density in all nanogels was
fixed at 100%. For comparison, nanogel
without DPA units (NG5) was prepared;
structure of NGS5 is also shown.

the pH of the solution at which the crosslinking reaction was carried out. Nanogels were
prepred at pH 5, 6, 8, and 10 using P1 and 50% DTT to obtain NG1-5, NG1-6, NG1-8, and
NG1-10 respectively. We found the pl of the nanogel to be dependent on the preparative



conditions (Figure 3). For example, the pl for NG1-8
was found to be ~6.4, while the pl of the NG1-5 and
NG1-10 were found to be 6.5 and 6.2 respectively. To
make sure that the observed differences are not due to
any adventitious effects and are indeed due to the
DPA units, a structurally similar nanogel NGS5, but
without the DPA units, was prepared. The zeta
potential of the nanogel without DPA units remained  gigure 4 (a) and (b) are confocal images
at -10 mV at whole pH range. This clearly suggests of NG2, containing Dil at pH 7.4 and 6.5
that the observed pH-dependence is indeed due to the ~— resPectively, after incubation with Hela
cells for 2 hours.
DPA units in the nanogel.

The key motivation in altering surface charges in ’ ¢
response to pH is the ability to demonstrate =3
pH-dependent cellular uptake. We investigated the -
internalization behavior of Dil-encapsulated NG2 at ol
the normal extracellular pH of 7.4 and pH. of 6.5 with g;glﬁf;feS(fgi3zié:3€3regszfo§:i;;?g2i
the HeLa cell line. Significantly different cellular pH 7.4 and 6.5 after incubation with
uptake was observed for the DPA nanogels under these ~HeLa cells  for 2 hours. The

.. R concentration of the nanogels used was

conditions. As shown in Figure 4, the red fluorescence Img/mL.
is significantly higher at pH 6.5, compared to pH 7.4.
We attributed this difference to the possibility that the DPA nanogel would become positively
charged upon the protonation of DPA groups at lower pH and thus enhance the cellular
internalization. To further confirm that the pH-dependent internalization is indeed due to
change in surface charge, nanogels with covalently attached fluorescein were prepared and
incubated with the HeLa cells for 2 hours, at both pH 6.5 and pH 7.4. From the optical
microscopy images, it is clear that the cells treated with nanogels at pH 6.5 exhibit much
higher cellular uptake, compared to the same nanogels at pH 7.4 (Figure 5). These results
confirm that the difference in fluorescence images at two different pHs, with the
Dil-encapsulated nanogels, is not due to the non-covalently encapsulated guest leakage.
These results also support our assertion that the difference in cellular uptake is indeed due to
the greater nanogel uptake at pH 6.5, most likely due to the difference in surface charge.
These results also suggest that the current nanogel system can be used in drug delivery via
both physical encapsulation and chemical conjugation.

Structure of FITC labled NG

In summary, we report on a nanogel that is capable of transforming into a positively
charged nanogel at a lower pH t. We have shown that: (i) the co-incorporation of DPA units
to PEG-based nanogels can lead to effective pH-dependent charge generation; (ii) the pl of
the DPA nanogel can be systematically tuned by varying the (a) percentage DPA units
present in the nanogel, (b) percentage of DPA units that are initially exposed on the nanogel
surface, and (c) crosslink density; (iii) the charge generation process can be utilized to
enhance cellular uptake at lower pH., compared to the normal extracellular pH. It is
remarkable that this charge generation event results in enhanced cellular uptake, even though
the length of the OEG units are much higher than the side chains that contain the DPA
moieties; and (iv) non-covalently encapsulated guest molecules are stably encapsulated at
both pH and are thus effectively taken up by the cells at lower pH without any leakage.



Functionalizable Amine-based Polymer Nanoparticles

Surface functionalization of nanoparticles and host-guest properties of nanoassemblies are
two critical features in the utilization of nanostructures in a variety of applications in
materials, chemical, and biological nanotechnology. However, simultaneously incorporating
these two features in one nanoparticle design is a rather challenging task. We were interested
in developing a simple approach for functionalizable polymer nanoparticles, where we
stipulated that: (i) the precursor polymer is based on a random copolymer, which is
synthetically accessible; (i) the polymer self-assembles in a solvent, which can then be
converted to nanoparticle in one step without the need for any additional processing; (ii7) the
nanoparticle contains a surface functional group, which can be further manipulated easily; (iv)
the size of the nanoparticle is tunable; and (iv) the interior of the nanoparticle is capable of
sequestering guest molecules.

In this work, we report on the design, synthesis, characterization, and further
functionalization of amine-functionalized polymeric nanoparticles that satisfy above
requirements. Random copolymer 1 was

synthesized using RAFT polymerization. This M W W
amphphilic polymer form an aggregate of ~22 ﬁ 2 i § 2 § § 2
nm upon UV radiation at 365nm. For guest 8

hy
356 nm

binding study, we were able to encapsulate

hydrophobic dye molecules, such as Dil or el

D O . h 1 Nanoparticle Functionalized nanoparticle
1 ’ USIHg t € pO ymer aggregates X = Complementary reactive moiety R = New surface functionality

successfully and guest molecules were

retained in the interiors of nanoparticles after

photoinduced crosslinking.
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To investigate the versatility of the amine
functionality as a handle for surface
functionalization of the nanoparticles, we tested
a wide range of functional groups and o
characterized these modifications with different 0
techniques. First, we reacted amines with an

0.8.

0.6.

0.4

0.2.

Total counts (normalized)

Lauric acid NHS ester

100

—Blank

Figure 6. Synthesis of the polymer precursor and the nanoparticle.
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. . é 300 1,2-epoxybutane
amides  with  complementary surface m :
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nanoparticles with a peg-2000 NHS ester should \
convert the positively charged surface of the

Wavelength (nm)

Wavenumber (cm')
polymer nanoparticle to a charge neutral surface,
while the reaction with succinic anhydride
should convert the charge to negative. Zeta
potential measurements of the reactants and the
products indeed confirmed such surface charge
modification  (Figure 7a). Second, the
nanoparticles were modified by a NHS ester (of

Figure 7. (a) Surface charges of nanoparticles by zeta potential
(b) Contact angle measurements of unmodified nanoparticles
(top) and nanoparticles modified by lauric acid NHS ester
(bottom left) and dodecyl isocyanate (bottom right). (c) IR
spectra of azidoacetic acid NHS ester (top), unmodified
nanoparticles (middle), and nanoparticles functionalized with
azidoacetic acid NHS ester (bottom). (d) Fluorescence emission
intensity of nanoparticles treated with excess fluorescamine after
reacting with different functional groups.



lauric acid) and an isocyanate (dodecyl). Both modifications would change the surface
nanoparticles from hydrophilic to hydrophobic. Evaluation of the nanoparticle surface
hydrophobicity by contact angle showed that the unmodified nanoparticles exhibited a
contact angle of 33°, while the modified nanoparticles have a contact angle of 103° and 98°,
respectively (Figure 7b). Next, we sought to monitor the surface functionalization by FTIR.
To this end, the nanoparticles were reacted with the NHS-ester of azidoacetic acid. The FTIR
spectrum of modified nanoparticles showed the appearance of a peak at 2100 cm’,
characteristic of the azido group, with the concurrent disappearance of the NHS ester peaks at
1812 ecm™ and 1783 cm™ (Figure 7c). For directly analyze the conversion of the amino
moiety on the nanoparticle surface, we used fluorescamine assay.  Accordingly,
nanoparticles were first reacted with molecules with different amine-reactive functional
groups (pentafluorophenol (PFP) ester, NHS ester, epoxide, and isocyanate). The extent of
functionalization was analyzed by comparing the fluorescence from the functionalized amine
nanoparticles and the unreacted amine nanoparticle. The fluorescence from three of the
functionalized nanoparticles (PFP ester, NHS ester, and isocyanate) was found to be similar
to that found with the negative control, suggesting that the reaction is quantitative in these
cases (Figure 7d). The reason for the inefficiency of the epoxide ring opening reaction is
not clear.

Next, we sought to investigate the possibility of tuning the nanoparticle sizes. While
variations such as polymer MW, concentration, and monomer ratio could afford different
aggregate sizes, we were interested in a simpler variation with the same polymer. We
envisioned that the pH of the solution and the ensuing variation the hydrophilic-lipophilic
balance of the polymer could afford polymer aggregates with different sizes. To test our
hypothesis, aqueous solutions of polymer 1 at different pH were prepared. The polymer
precipitates out at pH~9, consistent with the pK, of amine groups. We also observed that

the aggregate sizes were not a b
. . 2% — .
significantly different between pH 3.0 Thoe  em] ;Do
. . 2 —~—pH7.9 250001 445
and 6.5. Interestingly, the greatest size . PB4 Bl - tiEm
differences were observed with subtle [ g som
k) 3 2000
pH changes between 7.0 and 8.5, " s 5 o]
indicating that subtle changes in the 0o : : 0o~
. . 10 100 1000 0 20 40 60 80 100
degree of protonation of the amines lead size (@ nm) Concentraton (pgimL)

to Slgnlﬁcant size differences. This is Figure 8. (a) Size distribution of nanoparticles cross-linked at
presumably due to the difference in different pHs in water. The DLS measurements were all done at

hydrophilic lipophilic balance of the PH 3. (b) Percentage of amine available for functionalization on
different nanoparticle sizes accessed by fluorescamine assay.

polymer at these pHs.  We have

utilized these differences to systematically tune the size of the nanoparticles by

photochemically locking these aggregates, as shown in Figure 8a.

Although the fluorescamine assay showed that all the accessible amines can be utilized for
surface decoration, it is important to investigate the percentage of amines in the polymer
nanoparticle that are inherently accessible. We hypothesized that smaller nanoparticles
would have higher percentage of accessible amines, since some of these moieties might be
buried in the interior of larger particles. To test our hypothesis, fluorescamine assay was
carried out in 1:3 water/DMSO mixture, in which no aggregation was observed for the



non-crosslinked polymer. Therefore, the fluorescence generated from the uncrosslinked
polymer is a true indicator of the amine moieties available in the polymer. Evaluation of
nanoparticles of different sizes, using this as the standard, indicated that nearly all the amine
moieties seem to be available at a particle size of 22 nm. However, only 85% and 65% of
the amine moieties were available for functionalization in 45 nm and 118 nm particles
respectively (Figure 8b). This supports the expectation that the smaller surface area of
larger nanoparticles will lead to decreased availability of surface functionalities.

In summary, we have designed and characterized a versatile polymer nanoparticle
platform that: (i) displays a versatile functional group on its surface, which can be further
manipulated with a variety of complementary reactive moieties; (i7) is capable of
non-covalently binding hydrophobic guest molecules; (iii) afford size tunability by simply
altering the pH at which the nanoparticle is synthesized; (iv) has a very high percentage of the
accessible surface moieties at smaller sizes. Overall, the simplicity and versatility of the
surface functionalizable soft nanoparticles with host-guest capabilities will have implications
in a variety of applications from materials to biology. Incorporating stimuli-responsive
characteristics and expanding this method to a broader range of functional groups are among
the current foci in our laboratory.





