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N
anoparticles (NPs) serve as impor-
tant transport vectors for entering
cells with or without desired cargo,

and thus are widely applied to biological
systems, especially as agents for in vitro and
in vivo sensing and imaging,1�6 drug deliv-
ery5�12 and gene therapy.13,14 One approach
to achievemore efficient NP-mediated deliv-
ery and targeting, as well as better biocom-
patibility, is by tuning the functional groups
on the NP surfaces. This tuning can be
achieved using a wide range of surface coat-
ingmethods, including ligandexchange,15�17

PEGylation17�19 and targeting-moiety conju-
gation.17,18,20 These methods may signifi-
cantly change the properties of the NPs,
providing important additional desirable
properties such as increased circulation time,
bioderived recognition, and weakened non-
specific interactions. Appropriate and clever
application of these strategies has become
one of the most important elements in NP
design and NP-based applications.

ThemechanismbywhichsomeNPsundergo
cellular internalization is critically important for
their function in biomedical applications, such
as drug therapy and diagnostics and, conver-
sely, their potential toxicity.7,21,22 Significant
effort over the past decade has focused on
understanding the physical, chemical, and
biological interactions at the NP-biology
interface.23�26 For example, the physical and
chemical properties of NPs including their
size,27�29 shape,30�32 and surface chem-
istry33�37 have been discovered to impact
significantly the rate of cellular uptake.38,39

These studies have greatly advanced our
understanding of nanostructure impacts
cellular uptake of NPs. However, it is gener-
ally acknowledged that these results cannot
be generalized to all NPs,39,40 and several
aspects of the mechanism remain unclear
because of the complexity of the process.
One key factor limiting mechanistic stud-

ies of cellular uptake is the difficulty in
precisely controlling the chemistry at the
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ABSTRACT The functional groups displayed on the surface of nanoparticles

(NP) are known to play an important role in NP cellular uptake. However, only a

few systematic studies have been reported to address their role, in large part

because of the difficulty in regularly varying the number and structure of the

functional groups on the NP surface. We employ a bottom-up strategy for the

synthesis of water-soluble organic nanoparticles (ONPs) with different sizes and

functional groups, using readily available monomers. Utilizing flow cytometry, we

measured the HeLa cell uptake efficiency of ONPs that contain side-chains with a

different (a) length, (b) number of hydroxyl groups, and (c) number of methyl

groups. We have also investigated ONPs with the same functional groups but different sizes. The potential formation and influence of protein corona was

examined using the same approach but in the presence of serum. The results demonstrate that under both serum and serum-free conditions the surface-

exposed functional groups determine the efficiency of cellular uptake of the particles, and that the trend can be partially predicted by the lipophilicity of

the polymeric ONP's repeating units. Also, by using a “masking” strategy, these particles' cellular uptake behavior could be altered conveniently.
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NP surface. Indeed, it remains very difficult to prepare
model NPs wherein a single structural parameter or
property is varied systematically. The most commonly
studied NPs, such as metal nanoparticles (MNPs), silica
nanoparticles (SiO2�NPs) and quantum dots (QDs),
often have homogeneous surfaces, and the available
chemical modifications are generally limited to surface
deposition and ligand exchange reactions, although
mild postfunctionalization chemistriesmay be possible
in some cases.41 If aqueous solubility is required, highly
charged or PEGylated surfaces are usually used. Like-
wise, the lack of reactive functional groups on their
homogeneous surfaces means that traditional organic
nanoparticles (ONPs)42�45 must be prepared with sim-
ilar moieties on their surfaces if water-solubility is
needed. On the other hand, single-molecule polymeric
ONPs, such as dendrimers,46,47 intramolecularly cross-
linked polymers48�51 and hyperbranched polymers52

are prepared by bottom-up synthesis, and the former
two offer more flexible approaches for surface functio-
nalization. Indeed, these macromolecules can present
a controlled number of specific functional groups,
designed internal structures, and narrow size distribu-
tions. In addition, polymers generally offer more ways
to achieve postpolymerization modification.53 How-
ever, themultistep preparation of dendrimers can limit
the available amount of material, their size, and the
range of surface functionality. Preparing ONPs from
single-chain cross-linking may avoid these limitations,
but to date,most ONPs prepared by this technique lack
functionality or water solubility.
We recently reported a new strategy to prepare

water-soluble, biocompatible ONPs using a consecu-
tive ring-opening metathesis polymerization and ring-
closing metathesis (ROMP-RCM) process.54 The strat-
egy allows the facile incorporation of a wide range of
functional groups, synthetic scalability, and excellent
size control. In continuing the study of these new
ONPs, we found that the monomer used in the linear
polymerization had a significant effect on the degree
of cell internalization. This observation attracted our
interest because this new ONP offers a particularly
appealing platform for a systematic study of NP-cell
interactions as a function of ONP surface properties
and size (Figure 1). The bottom-up ONP synthesis not
only provides a more controlled and tunable degree of
functionalization, but also allows the ready integration
of fluorophores to facilitate cellular uptake studies.
Herein, we report how the nature of the substituents
and the size of these nonionic, water-soluble ONPs
affects their cellular uptake and leads to an easily con-
trollable uptake profile different from that observed
with other NPs.38,55

RESULTS AND DISCUSSION

We synthesized the ONPs with various functional
groupsbyusingninedifferent exo-norbornylmonomers

(Scheme 1), of which two monomers (MAE and MFAM)
were used as common comonomers in all ONP prep-
arations. The N-hydroxysuccinimide (HOSu) ester and
fluorescein-containing monomers, MAE and MFAM, pro-
vided cross-linking sites and pendant fluorophores for
tracking, respectively. The synthesis was straightfor-
ward and followed the general approach we reported
recently (see Scheme 1 and Supporting Information).54

Thus, the ROMP of norbornenyl derivatives mediated
by Grubbs third generation catalyst allows precise
control over the polymer. In particular, several physical
and chemical properties of the polymer composition,
length, and dispersity was easily tuned by varying the
monomer to initiator ratio (M/I ratio). As noted in our
previous work, careful control of the M/I ratio leads to
linear polymers with molecular weights that are very
close to the calculated values (Table 1 and Table S1 in
Supporting Information), and each gave a low poly-
dispersity index (PDI) as determined by gel permeation
chromatography (GPC) analysis using a multiangle
laser light scattering (MALLS) detector (see Figure S1
in Supporting Information). These linear poly(activated
esters) with different comonomers underwent amida-
tion with tris(allyloxymethyl)aminomethane (tri-O-al-
lyl-Tris), intramolecular cross-linking via ring-closing
metathesis (RCM), and finally dihydroxylation (and
deprotection in some cases) to givewell-definedONPs,
as determined by transmission electron microscopy
(see Figure S2 in Supporting Information). The four
most hydrophobic ONPs, ONP1, ONP3, ONP4 and
ONP5, which were derived from the unprotected
monomers MDiOH, MC2OAc, MC3OAc, MC4OAc, respec-
tively, were not sufficiently soluble in pH 7.4 phosphate
buffer, andwere not used in the cellular uptake studies.
Before studying the cellular uptake, the cytotoxicity

of ONP2 and ONP6-ONP12 was assessed. One of the

Figure 1. Schematic representation showing the use of
surface functional groups to control the cellular uptake of
polymeric organic nanoparticles (ONPs).
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advantages of these ONPs is their comparatively low
cytotoxicity, which had been established previously in
HeLa cells.55 In this study the MTT assay was applied to
HepG2 cells with >80% cell viability observed for all
ONPs at concentrations from 1 to 15 μM (see Figure S3
in Supporting Information). These favorably low cyto-
toxicity levels allowed the uptake of ONPs by HeLa cells

to be examined by flow cytometry, which required
a relatively high concentration of ONP (see Sup-
porting Information for details). Because all of the ONPs
had aprecisely controlled degree of polymerization (DP),
cross-linking density and the same fluorophore load-
ing (two MAE per polymer chain), they were approxi-
mately equal in fluorescence intensity in aqueous solu-
tions at the same molar concentration (see Table S1 in
Supporting Information). Thus, after incubating the
ONPs in cell culture for a set period, the fluorescence
intensity could be measured by flow cytometry and
taken as proportional to the relative uptake efficiency
of each ONP. The cellular uptake conditions were opti-
mized (seedetails onpageS32 inSupporting Information)
and the uptake efficiencywas evaluatedby calculating an
uptake index defined as

Uptake Index ¼ Mean If of cells treated by ONPs
Mean If of untreated cells

The diameter of the ONP was clearly observed to be
a key factor affecting the ONP's cellular uptake (see
Figure S4 in Supporting Information), with larger par-
ticles exhibiting reduced rates of uptake. Because our
interests were more focused on the role played by

Scheme 1. Synthesis of water-soluble ONPs with different functional groups from various exo-norbornene derivatives. The
ONP schematic is not meant to imply a particular structure. Surface is likely to be mixture of polymer chain, side-chain
R-groups, and cross-linking functionality.

TABLE 1. List of Monomers and Feed Ratios of All ONPs

feed ratio (catalyst = 1)

ONP MAE MFAM other monomers deprotection diameter (nm)b

ONP1 25 2 MDiOH (50) �a �
ONP2 25 2 MDiOH (50) TFA 11.6
ONP3 25 2 MC2OAc (50) � �
ONP4 25 2 MC3OAc (50) � �
ONP5 25 2 MC4OAc (50) � �
ONP6 25 2 MC2OAc (50) NaOH 11.8
ONP7 25 2 MC3OAc (50) NaOH 10.5
ONP8 25 2 MC4OAc (50) NaOH 11.4
ONP9 25 2 MMe (50) � 11.4
ONP10 25 2 MPrl (50) � 12.0
ONP11 25 2 MDiOH (25) þ MPrl (25) TFA 11.5
ONP12 25 2 MC2OAc (40) þ MC2SAc (10) NaOH 10.8

a Not deprotected. b Determined by DLS.
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surface lipophilicity, we did not investigate this behav-
ior any further. Instead we chose six comonomers (all
Mx monomers except MC2SAc, Scheme 1) that cover a
wide solubility range from lipophilic to hydrophilic,
and display several different structural features for
systematic comparison. To minimize potential differ-
ences resulting from size, we used precise control over
the DP afforded by the ROMP technique to produce
ONPs with similar hydrodynamic diameters. Indeed,
the nine ONPs studied had an average hydrodynamic
diameter of 11.4 ( 0.5 nm as determined by DLS (see
Table 1 and Table S1/S2 in Supporting Information).
The most obvious comparison is between ONP6

(from MAE, MFAM and MC2OAc), ONP7 (from MAE, MFAM

and MC3OAc) and ONP8 (from MAE, MFAM and MC4OAc),
each of which has a single hydroxyl group on alkyl side
chains of increasing lengths, leading to an increasing
degree of lipophilicity as follows: ONP6 < ONP7 <
ONP8. These ONPs were incubated with HeLa cells
for 3 h in Dulbecco's Modified Eagle Medium (DMEM)
at 37 �C. The final ONP concentration of 2 μM is at the
high end of the range typically used for NPs reflecting
their lower toxicity (vide supra) and the need for a
sufficient fluorescent signal. In our earlier report, we
wanted to maximize cell uptake and the resultant
fluorescent signal, so we used smaller ONPs (12 kDa)
with four fluorescein units and worked at longer times
and higher concentrations.54 To minimize the possible
impact on cell uptake from the hydrophobic fluores-
cein dye, in this study we used ONPs with two fluor-
escein monomers. Further the ONPs were larger, the
concentration was lower, and the incubation time was
shorter. Although the resultant increase in fluores-
cence signal was smaller in this uptake study, the
difference was accurately quantified and showed high
statistical significance using Student's t-test in each case
(vide infra). TheONP-treatedHeLa cellswere then carefully
washedand lifted for analysisbyflowcytometry. As shown
in Figure 2, an increase in the �(CH2)n� linker length
is accompanied by a positive (rightward) shift in the
peak toward higher fluorescence intensity, indicating
more efficient cellular uptake for more lipophilic NPs
(Figure 2a). This trend can be more easily seen in
Figure 2b, where the uptake index of the ONPs in-
creased for the longer carbon chains on the backbone
of the ONP. For example, the ONP8 showed an uptake
index almost 80% higher than that of ONP6 under the
same conditions.
To further examine the effect of hydrophobicity on

cellular uptake of these ONPs, ONP9 (from MAE, MFAM

and MMe), ONP7 (from MAE, MFAM and MC2OAc) and
ONP2 (from MAE, MFAM and MDiOH) were examined as a
second comparison set featuring an increasing num-
ber of hydroxyl groups (0, 1, and 2). The ONP2-ONP7
comparison is particularly informative because the
alkyl substituent is identical in length, differing in
only the number of hydroxyl groups. Using the same

cellular uptake protocol as described above, the peak
in the flow cytometer shifted to lower fluorescence
intensity across the series of ONP9, ONP7, and ONP2
(Figure 3a). Thus, the uptake index of ONP9, lacking a
hydroxyl group, was clearly higher than that of ONP7
with onehydroxyl group,which, in turn,was higher than
the uptake index of ONP2with two hydroxyl groups per
side chain (Figure 3b). The results are consistentwith the
previous finding that ONPs with more hydrophobic
domains are more readily taken up by cells.
A special advantage of this bottom-up strategy is

illustrated by the third set of ONPs. In particular, the
ROMP-RCM strategy used in this work allows a nearly
unlimited degree of fine-tuning because two or more
functional monomers can be randomly copolymerized
at any feed ratio to provide a desired property with
high precision. To illustrate this broad concept, ONP11
was synthesized from MAE, MDiOH, MPrl, and MFAM with
feed ratio of 25:25:25:2, respectively, representing a 1:1
blend of the monomers used to prepare ONP2 (from
MAE, MFAM and MDiOH) and ONP10 (from MAE, MFAM

and MPrl), and it was characterized similarly by flow

Figure 2. HeLa cellular uptake study with ONP6, ONP7 and
ONP8. (a) Flow cytometry curves overlay. (b) Calculated
cellular uptake indices of the three ONPs. Note: for (b), the
y-axis starts at 1 because the uptake index cannot be lower
than 1 by definition. Error bars represent standard deviation
with at least three independentmeasurements (***pe0.001).
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cytometry. As seen in Figure 4, ONP10 showed the
highest, ONP2 the lowest, and “hybrid” ONP11 an
intermediate uptake index. This result is important,
because it indicates that an averaged NP internaliza-
tion profile may be obtained by combining two other
internalization profiles with mixed monomers in linear
polymer synthesis. This approach may eliminate the
need to synthesize and test additional monomers for
optimized delivery properties, and allow for predict-
able, fine-tuning of ONP uptake properties.
Although we have demonstrated that the cellular

uptake capability of ONPs can be tuned by surface
functional groups and sizes in serum-free condition,
themechanism for ONP uptake is still unclear. Previous
studies on ONP cellular uptake suggest that in natural
biological environments, a protein corona can form on
the surface of the NPs, and play a central role in
determining nanoparticle behavior.29,37,56�60 The cor-
ona formation on the nanoparticle surface can be
reversible or irreversible.55,61�63 Our findings which
indicate that more lipophilic NPs lead to higher cellular

uptake are consistent many prior studies that found
the same trend with metal NPs under serum-free
conditions (no corona formation).64,65 The trend can
sometimes be completely reversed in the presence of
serum because the more hydrophobic NPs tend to
absorb more protein, significantly reducing NP inter-
nalization.35,66,67 In a very recent report, Rotello and
co-workers showed that AuNPs coatedwith zwitterionic
groups do not form hard corona and exhibit the same
internalization trend as NPs in serum-free conditions.55

This important finding showed the possibility of using
the presentation of chemical functionality to control
the NP cellular uptake under physiological condition.
To determine the influence of serum on the cellular

uptake of the ONPs investigated here, the uptake
studies with all the previously tested ONPs were
determined after the ONPs were incubated with HeLa
cells in DMEM medium with 10% fetal bovine serum
(FBS). The flow cytometry results showed that cells
treated with ONP8 (with the longest alkane linker),
ONP9 (with no hydroxyl group) and ONP10 (with the
most methyl groups) exhibited the highest fluorescent
intensity among each group, following the same trend

Figure 3. HeLa cellular uptake study with ONP9, ONP7 and
ONP2. (a) Flow cytometry curves overlay. (b) Calculated
cellular uptake indices of the three ONPs. Error bars repre-
sent standard deviation with at least three independent
measurements (**p e 0.01).

Figure 4. HeLa cellular uptake studywithONP2, ONP10 and
ONP11. (a) Flow cytometry curves overlay. (b) Calculated
cellular uptake indices of the three ONPs. Error bars repre-
sent standard deviation with at least three independent
measurements (**p e 0.01; ***p e 0.001).
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seen in serum-free medium (Figure 5 and Figure S5 in
Supporting Information). The overall uptake efficiency
with 10% FBS was lower compared to the studies of
“naked” NPs under serum-free conditions, consistent
with previously reported results.55,59,68�71 However,
the key finding is that we observed only an attenuation
of uptake, not a reversal of uptake rates with the more
hydrophobic ONPs.
The hydroxyl-rich, neutral nature (see Table S2 in

Supporting Information) of the cross-linked ONPs was
anticipated to confer biocompatibility and resist form-
ing an irreversible corona with serum treatment.55,71,72

Verifying directly the presence or absence of a corona
is difficult because of the low density of our ONPs,54

however, we could confirm by dynamic light scattering
(DLS) the absence of significantly larger ONP-protein or
ONP-ONP aggregates in a mixture of ONP2 and 10%
FBS (see Figure S6 in Supporting Information). Thus,
although we are not able to determine definitively the
origin of the uptake attenuation observed in serum, it is
important to note that some degree of lipophilicity
tuning continues to be effective in serum. At least one
ONP in this more physiologically relevant media could
exhibit comparable uptake efficiency to a “naked”ONP.
Two limiting mechanisms for NP cellular uptake

have been proposed, which involve passive diffusion
across the cell membrane, and semispecific interac-
tions between NP surface functional groups and the
cell surface, the latter leading to receptor-mediated

internalization. To obtain evidence that might distin-
guish thesepossibilities, we repeated the flow cytometry
experiments at lower temperature (4 �C), where cell
surface receptor-mediated internalization is dramatically
suppressed.73�76 As shown in Figure S7 (see Support-
ing Information), at 4 �C, almost no uptake was ob-
served, suggesting that the ONPs may have entered
HeLa cells mainly through a receptor-mediated inter-
nalization process, instead of by passive permeation.54

However, this preliminary observation requires further
investigation before a detailed mechanism can be
assigned.77

The analysis of lipophilicity above was based on
pairwise comparisons of structurally similarmonomers.
With the goal of comparing all of the monomers at
once in a more systematic way, we wondered if the
lipophilicity of the ONP constituent monomer units
could be quantified. Such a scale might be used to
predict the cellular uptake efficiency of ONPs from the
more readily prepared repeating units, avoiding the
lengthier ONP preparation. Thus, to determine the
relative lipophilicity of the variable repeating units in
the ONPs semiquantitatively, these interchangeable
monomers were dihydroxylated under Upjohn condi-
tions and deprotected when necessary, affording a
total of ten repeating unit mimics (RUMs, labeled
RUM1�RUM10, Figure 6). These compounds were
easily prepared and were used without separating
possible stereoisomeric products (see Figure 7). The
retention time t of each compound (RUM1-RUM10) in a
reverse-phase LC-MS system was taken as a relative
measure of the repeating unit's lipophilicity and it was
assumed to correlate with that of the corresponding
ONP surface (see Figure 7 and additional information in
Figure S8 and Table S4 in Supporting Information). For
ONP11 containing two monomers in a 1:1 ratio, a
virtual t was calculated as an average from the t of
the two corresponding RUMs: tavg = 10[(logt1þlogt2)/2].
This relationship arose from the direct correlation be-
tween LC retention time and partition coefficient P.78

These RUMs covered a wide lipophilicity range, with
RUM2 being themost hydrophilic and RUM5 being the
most lipophilic.
In examining the RUM retention time t vs uptake

index correlation in Figure 7, one sees at the broadest
level a general trend that more lipophilic ONPs enter-
ing cells more easily. This correlation holds both in
serum and under serum-free conditions. However,
because the cellular uptake of NPs is a complicated
process, especially in serum, and might be influenced
by many factors other than NP lipophilicity and size,
deviations from this general trend are observed. For
example, in 10% FBS, the most hydrophilic ONP2
showed slightly higher uptake than the less hydrophilic
ONP6. In addition, RUM7 and RUM9had extremely close
retention times, yet ONP7 exhibited a smaller uptake
index compared to ONP9. These minor variations in the

Figure 5. Uptake indices of the three sets of ONPs from
repeated HeLa cellular uptake studies with 10% FBS. ONPs
showed the same trend in these studies as they did under
serum-free conditions. Error bars represent standard devia-
tion with at least three independent measurements (*p e
0.05; **p e 0.01).
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overall uptake trends may suggest a complicated NP
cellular uptake process, which could be influenced by
many factors other than NP lipophilicity and size.
A high level of predictability in NP cellular uptake

efficiencies was shown to be possible when the protein
corona fingerprint is determined.37 Nonetheless, the
LC retention time of RUMs serves as a quantitative

experimental parameter that can approximate the
cellular uptake efficiency of the ONPs examined here.
In particular, the uptake efficiency in serum-free condi-
tions responded minimally to the lipophilicity increase
of surface functionalities when the ONP was more
hydrophilic (t < ca. 4.7 min), but increased dramatically
with increases in hydrophobicity for monomers whose
corresponding t were more than 4.7 min. Moreover, in
the presence of 10% FBS, a similar trend was observed,
but with both the overall trend and uptake efficiencies
attenuated. This analysis not only allows the properties
of ONPs to be estimated from mixed monomers, it also
suggests a potential approach for rational design of
ONPs with tunable properties. Most importantly, it is
clear that the functional groups on the ONP surface
were still actively altering the ONP cellular uptake
behavior even in the presence of serum proteins.
It is worth noting that RUM2, RUM6, RUM7 and

RUM8 are the unmasked (deprotected) product of
RUM1, RUM3, RUM4 and RUM5. Such hydrophobic�
hydrophilic pairs can be used to prepare ONPs with
tunable cellular uptake properties using an “on-demand
unmasking,” as exemplified in the synthesis of ONP11.

Figure 7. Illustration of the relationship between ONP cellu-
lar uptake efficiency and their corresponding repeating units
in serum-free (blue) or with 10% FBS (red) conditions. Lipo-
philicity of the repeatingunitswas represented as the LC�MS
retention time of the corresponding RUM. The dashed curves
are added to assist visual assessment of the trends.

Figure 6. Structure of “repeating unit mimics” (RUMs) that
resembles the functional repeating units within the ONP
scaffolds. For easy comparison, thesemimics have the same
numbering as their corresponding ONPs (e.g., ONP1 has the
repeating units analogous to RUM1).

Figure 8. (a) Schematic illustration of the ONP maleimide-
masking strategy using a thiol-bearing ONP12 (10 -SH
groups per ONP on average). (b) Uptake index comparison
of the unmasked ONP12 and the resulting maleimide-
masked ONPs from it. The numbers above the bars were
calculated log P values (Marvin Beans version 15.6.1,
ChemAxon Ltd.) of the masked (by maleimides) or un-
masked (free thiol) RUMs. Log P values were used because
RUMs could not be easily prepared for the thiol monomer.
More lipophilic maleimide led to more lipophilic RUM,
giving higher uptake index of the correspondingONP. Error
bars represent standard deviation with at least three in-
dependent measurements (***p e 0.001).

A
RTIC

LE



BAI ET AL. VOL. 9 ’ NO. 10 ’ 10227–10236 ’ 2015

www.acsnano.org

10234

To further demonstrate the concept of “masked” versus
“unmasked” ONPs with predictable changes in cellular
uptake, a new thiol-bearing ONP12 (from MAE, MFAM,
MC2OAc and MC2SAc, 25:2:40:10) was synthesized. The
thiol groups on this ONP were conveniently masked
usingbioorthogonal thiol-maleimideconjugation chem-
istry, with N-methylmaleimide, N-ethylmaleimide or
N-cyclohexylmaleimide. The masked ONPs were evalu-
ated by flow cytometry, and the results were shown in
Figure 8 and Figure S9 in Supporting Information.
On average, ONP12 had 10 hydroxyl groups re-

placed with the more lipophilic thiol groups compared
to ONP6, and as predicted, it showed a higher uptake
index compared to ONP6. By modifying the thiol-
ONP with three different maleimides, three new ONPs
with varied surface lipophilicity were obtained. Based
on the lipophilicity of the masking maleimide, the
new ONP showed a decrease or increase in its uptake
index. In particular, the water-soluble, very hydrophi-
lic N-methylmaleimide decreased the ONP's uptake
index considerably upon Michael addition mediated
masking, whereas the strongly hydrophobic N-cyclo-
hexylmaleimide clearly facilitated the uptake process.
Despite being a relatively simple model, this example
shows the potential of utilizing masked-unmasked
ONP pairs with predictable changes in cellular uptake.

CONCLUSION

In summary, we have demonstrated that the lipo-
philicity of polymeric ONPs prepared using a new
ROMP-RCM strategy were facilely tuned by using dif-
ferent monomers, and that this in turn significantly
altered their cellular uptake profile with HeLa cells.
With an increase in repeating unit lipophilicity or a
decrease of ONP size, the cell internalization rate of the
corresponding ONP increased. In serum-containing
biological environments, these ONPs could still show
improved cellular uptake efficiency as the particle
lipophilicity increased, similar to the trend observed
for many of the NPs in buffered solution. The use
of different monomers combined with the ability to
freely adjust their feed ratios offers the possibility to
fine-tune the ONP-cell interactions directly or through
an “on-demand” approach. The concept of “masked”
versus “unmasked” ONPs was demonstrated using
a thiol-bearing ONP that underwent predictable
changes in cellular uptake upon maleimide conjuga-
tion. Although more general conclusions about other
cell lines (i.e., beyond HeLa cells) and concentrations
cannot be made at this time, our observations and
findings do show the potential of the ROMP-RCM
strategy to create promising scaffolds for functional,
tunable, and biocompatible delivery vehicles.

METHODS
Synthesis of ONPs. ONPs were synthesized from living poly-

merization of the corresponding monomers, functionalized by
tri-O-allyl-Tris, intramolecularly cross-linked by RCM, and finally
dihydroxylated and deprotected if necessary. Detailed proce-
dures for each step (polymerization, allylation, RCM and dihydro-
xylation) can be found in the Supporting Information.

Cellular Uptake Study. HeLa cells used for ONP uptake experi-
ments were cultured in Dulbecco's modification of Eagle's med-
ium (DMEM) supplemented with or without 10% Fetal Bovine
Serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin,
on 25 cm2 culture flasks in a humidified 5% CO2 incubator at
37 �C. HeLa cells were plated onto 35 mm glass-bottom dishes
(MatTek) and grown to 70�90% confluence before experi-
ments. HeLa cells were then incubated with 2 mL of DMEM
(with or without 10% FBS) containing ONPs (2 μM) in glass-
bottom dish. After 3 h, cells were washed with PBS 3 times and
fresh DMEM (with or without 10% FBS) was added. For flow
cytometry study, after the 3 h incubation with ONPs, HeLa cells
were washed with PBS and detached by 0.05% trypsin. The
suspended cell solution was collected by centrifugation at
2000 g for 5 min and further washed with PBS three times. Flow
cytometry was performed using a BD FACSCanto system under
488 nm excitation. Control cells without any treatment were
used to set the gating. Each measurement set was performed
using 10 000 cells.

Synthesis of Monomers and RUMs. All the synthetic procedures
for the monomers and RUMs, as well as additional characteriza-
tion details are included in the Supporting Information.
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