IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Polycation-b-Polyzwitterion Copolymer Grafted Luminescent Carbon
Dots As a Multifunctional Platform for Serum-Resistant Gene

Delivery and Bioimaging

Lu Cheng,T’§ Yongmao Li," Xinyun Zhai," Bing Xu," Zhiqiang Cao,” and Wenguang Liu*"

School of Materials Science and Engineering, Tianjin Key Laboratory of Composite and Functional Materials, Tianjin University,

Tianjin 300072, China

iDepartment of Chemical Engineering and Materials Science, Wayne State University, Detroit, Michigan 48202, United States

© Supporting Information

ABSTRACT: Nanomaterials that integrate functions of
imaging and gene delivery have been of great interest due to
their potential use in simultaneous diagnosis and therapy.
Herein, polycation-b-polysulfobetaine block copolymer, poly-
[2-(dimethylamino) ethyl methacrylate]-b-poly[N-(3-(metha-
cryloylamino) propyl)-N,N-dimethyl-N-(3-sulfopropyl) am-
monium hydroxide] (PDMAEMA-b-PMPDSAH) grafted
luminescent carbon dots (CDs) were prepared via surface-
initiated atom transfer radical polymerization (ATRP) and
investigated as a multifunctional gene delivery system
(denoted as CD-PDMA-PMPD) in which the CD cores
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acted as good multicolor cell imaging probes, the cationic PDMAEMA acted as a DNA condensing agent, and the outer shell of
zwitterionic PMPDSAH block protected the vector against nonspecific interactions with serum components. As revealed by the
fluorescent spectrum study, the photoluminescent attributes, especially the tunable emission property, were well inherited from
the parent CDs. The CD-PDMA-PMPD could condense plasmid DNA into nanospheres with sizes of approximate 50 nm at a
proper complex ratio, posing little cytotoxicity at higher ratios. It was shown that the hybrid vector exhibited significantly
suppressed BSA protein adsorption and superior hemocompatibility compared to those of the widely used PEI2Sk. In the in vitro
transfection assay, an increased serum concentration from 10 to 50% caused a dramatic drop in PEI2Sk transfection performance,
whereas the transfection efficiency of CD-PDMA-PMPD was well maintained; CD-PDMA80-PMPD40 showed 13 and 28 times
higher transfection efficiencies than PEI25k at 30 and 50% serum concentration, respectively. Intriguingly, the carbon dots in the
transfected cells displayed excitation-dependent fluorescent emissions, portending that this polycation-polyzwitterion modified
CD will be a promising theranostic vector with excellent stealth performance.
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1. INTRODUCTION

Combining nanosized chromophore and therapeutic agents,
such as genes or drugs, holds great potential for versatile
theranostics."” Fluorescent carbon dots (CDs) have recently
drawn immense attention owing to their superiority in
photostability, excitation-dependent emission tunability, flexi-
bility in surface functionalization, easiness of preparation,
remarkably low cytotoxicity, and excellent biocompatibility.>
These novel nanoparticles are considered to be competitive
alternatives to organic dyes and heavy metal based quantum
dots (QDs), two prevalent agents for imaging that usually suffer
from photobleaching and innate toxicity.*> There has been
significant research on CDs synthesis and their applications in
bioimaging,®™® sensing,”'® photocatalysis,"""'* optoelec-
tronics, > drug delivery,ls_18 and so on. Among them, CD-
based drug delivery systems have been developed based on
particle surface modification, thanks to the numerous surface
functional groups such as amino, hydroxyl and carboxyl. Tang
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et al. constructed a direct and sensitive Forster resonance
energy transfer (FRET)-based CD drug delivery system
(FRET-CDot-DDS) via EDC/NHS coupling protocol, which
has shown excellent targeted delivery and drug release
efficiency while achieving monitoring of the release process
by recording the FRET efficiency between CDs and
doxorubicin (DOX).'® In a study by Zheng and co-workers,
oxaliplatin conjugated CDs (CD-Oxa) were reported to exhibit
both effective anticancer function and multicolor imaging
ability for temporal and spatial detection of therapy.'”
Nevertheless, little research on CD-based gene delivery has

19,

been reported thus far.'”?® We believe the combination of

fluorescent CDs with gene delivery function is promising for
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real-time tracking of gene transfection and shedding light on
transfection mechanisms.

Gene delivery carriers based on cationic polymers are
historically preferred, given their advantages in encapsulating
negatively charged DNA and facilitating desirable intracellular
trafficking.”" Nonetheless, their applications are greatly limited
due to their lack of serum stability, rapid clearance in biological
environment, and damage to cellular membranes caused by
their nonspecific interactions with anionic components in blood
and on cell membranes.”> Hydrophilic and uncharged polymers
such as poly(ethylene glycol) (PEG) are commonly employed
to shield the surface of the polycation/DNA complexes via
steric stabilization, resulting in reduced nonspecific protein
adsorption and, in turn, prolonged circulation in blood.*®
Paradoxically, PEGylation can also bring a steric hindrance that
hampers the efficient interaction between DNA complexes and
celluar membranes, thus deteriorating the transfection
efficiency.”* To this end, several strategies including the
conjugation with neutral and anionic liposomes have also
been developed.”® Lately, zwitterionic polymers such as
polyphosphorylcholine, polysulfobetaine, and polycarboxybe-
taine have been proved to be promising alternatives to PEG
due to their ultrahigh resistance to nonspecific protein
adsorption,”**” holding the potential for the construction of
serum-resistant nonviral gene vectors.”**° Our previous study
demonstrated that polycation-b-polysulfobetaine diblock co-
polymer, poly[2-(dimethylamino) ethyl methacrylate]-b-poly-
[N-(3-(methacryloylamino) propyl)-N,N-dimethyl-N-(3-sulfo-
propyl) ammonium hydroxide] (PDMAEMA-b-PMPDSAH)
exhibited increased gene transfection efficiency at higher serum
concentrations compared to that of PDMAEMA homopol-
ymer.”® The polysulfobetaine segment was shown to promote
the endocytosis of nanocomplexes while maintaining a high
serum-resistant ability. However, the copolymer exhibited
inferior transfection efficiency to that of PEI2Sk at 10%
serum and only limited increase compared with PEI2Sk at
higher serum concentrations due to its linear structure.

To extend this polyzwitterion to theranostics, we developed
PDMAEMA-b-PMPDSAH block-copolymer-coated CDs and
demonstrated perfect integration of bioimaging capability with
a serum-resistant gene delivery function. Surface-initiated atom
transfer radical polymerization (ATRP), which has seldom been
employed in CD modification, was used to prepare the
polymer-coated CDs. The physicochemical properties, bio-
compatibility, and hemocompatibility of the CD-polymers were
investigated, and transfection experiments at various serum
concentrations were conducted. It was found that zwitterionic
PMPDSAH significantly increased the transfection capability of
CD-polymers, even in the presence of a high concentration of
serum. Also, by using laser scanning confocal microscopy, the
multicolor cell imaging capacity of the CD-polymer was
evaluated.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PDMAEMA-b-PMPDSAH Copolymer
Grafted Carbon Dots. 2.1.1. Preparation of Carbon Dots (CDs).
Luminescent carbon dots were prepared via a facile one-ste
microwave pyrolysis method as reported in our previous work.>!
Briefly, 2 g (10.41 mmol) of citric acid (CA) was dissolved in 20 mL
double-deionized water in a common 100 mL beaker, followed by the
addition of 1.04 mL (15.62 mmol) of 1,2-ethylenediamine (EDA)
under vigorous stirring to form a clear, transparent solution. The
beaker was subsequently placed at the center of the rotation plate of a
domestic microwave oven (700 W) and heated for 4 min until the

solution changed from colorless to yellow and finally red-brown. After
cooling down to room temperature, the resultant was redissolved in
pure water, dialyzed (MWCO of 500) for 3 days, and then lyophilized
to collect dry CD solid.

2.1.2. Synthesis of Carbon Dot Initiator (CD-Br). CD-Br was
synthesized through carbodiimide-assisted conjugation. First, 2 g
(12.33 mmol) N,N’-carbonyldiimidazole (CDI) was added to 10 mL
DMSO solution of 2.06 g (12.33 mmol) 2-bromoisobutyric acid
(BiBA). After 3 h of stirring to allow for sufficient activation, 1 g of
CDs dispersed in 10 mL of DMSO, which had undergone sonification
for 1 h, was added to the mixture, and the new mixture was stirred for
another 24 h at room temperature. The resultant CD-Br was
precipitated with excess amount of THF. Then, the sediment was
redissolved and dialyzed (MWCO of 500) against deionized water for
3 days. After subsequent lyophilization, the yellow-brown CD-Br
powder was obtained.

2.1.3. Synthesis of PDMAEMA-b-PMPDSAH Copolymer Grafted
Carbon Dots (CD-PDMA-PMPD). CD-polymer composites were
fabricated via ATRP reaction, as described below. For CD-PDMASO0,
a 4 mL ethanol suspension of 2.5 mg (0.025 mmol) of CuCl was
placed in a clean, dry Schlenk tube and degassed by three freeze—
pump—thaw cycles. Then, 21.93 mg of CD-Br (containing 0.025 mmol
Br), 340 pL (2 mmol) of DMAEMA, 5.22 uL (0.025 mmol) of
N,N,N',N”,N”- pentamethyldiethylenetriamine (PMDETA), and
2922 mg (0.05 mmol) of NaCl dissolved in S mL of double-
deionized water were added under N, protection. After another three
freeze—pump—thaw cycles, the mixture was stirred for 3 h at room
temperature. To synthesize CD-PDMA-PMPD, the reaction content
was frozen, and 1 mL of water solution of 146.2 mg (0.5 mmol) or
2924 mg (1 mmol) of MPDSAH was injected to the tube to obtain
CD-PDMAS80-PMPD20 or CD-PDMAS80-PMPD40, respectively. The
mixture was further degassed using the freeze—thaw method, and the
reaction was performed at room temperature for 24 h. Finally, the
reaction solution was dialyzed (MWCO of 3500) against deionized
water for 7 days to completely remove the impurities and thereupon
freeze-dried to collect anhydrous CD-polymers.

2.2. Preparation of CD-Polymer/pDNA Complexes. All the
CD-polymer/pDNA complexes were freshly prepared before use. CD-
polymers were dissolved in ultrapure water, and the solutions were
subsequently sterilized by filtration via a 0.22 ym filter. The complexes
of various ratios of particle/pDNA were obtained by dropping CD-
polymer of appropriate concentrations to an equal volume of pDNA
solution with defined concentration. The resulting mixture was gently
vortexed and incubated for 30 min at room temperature to ensure
complete complex formation. The complexing ratio was defined by the
weight ratio of particle/pDNA.

2.3. DNase | Protection Assay. First, 5 uL of solutions of CD-
polymer/pDNA complexes at desired weight ratios containing 0.5 ug
pDNA were incubated with 4 L of 10 X reaction buffer (20 mM Tris-
HCI, 20 mM MgCl,, pH 8.3) containing 0.1 U DNase I at 37 °C for 0,
30, 60, and 120 min. Three uL of 200 mM EDTA solution was added
to terminate the digestion, followed by heat denaturation of DNase I
at 70 °C for 10 min. The samples were subsequently treated with 15
uL of 10 mg/mL heparin solution under 60 °C for 3 h, resulting in
pDNA dissociation from the complexes. The remaining pDNA was
analyzed by agarose gel electrophoresis.

2.4. Hemolytic Activity Test. Whole rabbit blood was freshly
collected and diluted five times with sterile PBS (pH = 7.4). Polymer
samples at concentrations of 0.5 and 1.0 mg/mL were prepared in PBS
(pH = 7.4) solution. Thereafter, the diluted blood (200 L) was added
into the polymer solution (800 yL), pipeting up and down to result in
homogeneous mixing. Then, 800 uL of PBS solution and TritonX-100
solution (1% v/v) were used to replace the polymer solutions as
negative and positive controls, respectively. The mixture was kept at 37
°C for 90 min and then centrifuged at 2000 rpm for 10 min. The
supernatant (200 pL) was transferred to a 96-well plate where the
absorbance at 543 nm was recorded on a Synergy HT Multi-Mode
Microplate Reader (BioTek, USA). The hemolytic rate was calculated
using the following formula:
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Scheme 1. Synthetic Route of CDs, CD-Br, and CD-Polymers
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Figure 1. HRTEM images of (a and b) CDs and (c) CD-PDMAS80-PMPD40. (d) DLS distribution plot of the diameter of CDs. Insets: (a) size
distribution of CDs according to HRTEM; (b) typical single CDs and their lattice spacings. Scale bars: (a) 20 nm and (b and c) S nm.
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where A, A, and A, represent the absorbance of sample, negative and
positive controls, respectively.

2.5. Red Blood Cell Aggregation. Red blood cells were collected
by centrifugation of fresh rabbit blood at 700 rpm for 10 min and then
diluted with PBS (pH = 7.4) at 1:10 ratio. Then, 200 uL of the
diluents containing CD-polymer/pDNA complexes at prescribed
complexing ratios achieving the maximum transfection efficiency
were seeded in a 24-well plate and incubated at 37 °C for 1 h.
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Aggregation was visualized on a 1X-51 inverted fluorescence
microscope (Olympus, Japan) under bright field.

2.6. Cell Culture. COS-7 cells (African green monkey kidney cells)
were obtained from Peking Union Medical College (Beijing, China)
and cultured in Dulbecco’s modified Eagle medium (DMEM,
HyClone) with high glucose, containing 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 °C
in 5% CO, humidified atmosphere.

2.7. In Vitro Transfection Assay. COS-7 cells were seeded at a
density of 5 X 10* cells/well in 24-well plates containing 500 uL of
DMEM with 10% FBS in each well and incubated for 24 h at 37 °C in
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Figure 2. (a and b) UV—vis spectra and the maximum PL excitation and emission spectra of CDs and CD-PDMA80-PMPD40 in water, respectively.
Insets: (upper) images of CDs and CD-polymers excited by daylight and (lower) UV; from left to right, (a) CDs and water, (b) CD-PDMAS0, CD-
PDMAS80-PMPD20, CD-PDMA80-PMPDA40, and water; the corresponding spectra of CD-PDMA80 and CD-PDMA80-PMPD20 are presented in
Figure S9 (Supporting Information). (c and d) PL emission spectra of CDs and CD-PDMA80-PMPD40 aqueous solutions under different

wavelength excitations, respectively. Insets: normalized PL intensity.

5% CO, humidified atmosphere. The medium was replaced with 450
puL of fresh medium with 10, 30, or 50% FBS. Particle/pDNA
complexes (SO uL, containing 1 g pDNA) at various weight ratios
were then added to each well (n = 3 for each ratio). After 4 h of
incubation at 37 °C in 5% CO,, the transfection medium was aspirated
and replaced with 500 uL of 10% FBS containing fresh medium. The
transfected cells were incubated for an additional 48 h. Following
incubation, the culture medium was discarded, and each well was
rinsed twice with PBS. The cells in each well were treated with 150 uL
of 1 X reporter lysis buffer (RLB, Promega) for 15 min followed by a
freeze—thaw cycle to ensure complete lysis. The lysate was centrifuged
for S min at 13 000 rpm; then, the supernatant was collected, and the
luciferase activity was measured according to the standard protocols of
Bright-Glo luciferase assay system (Promega, USA). The total protein
was measured with a BCA protein assay kit (Pierce, USA), and the
results were expressed in terms of relative light units (RLU) per
milligram cell protein. For pEGFP-CI1 plasmid transfection experiment
in COS-7 cells, the transfected cells were observed on an inverted
fluorescence microscope (Olympus 1X-S1, Japan). Cells transfected
with PEI25k were used as a positive control at a weight ratio of 2:1.

2.8. Cellular Uptake of CD-Polymer/pDNA Complexes. To
investigate the cellular uptake capacity of the CD-polymer/pDNA
complexes, pGL3-control was first labeled with fluorescent dye YOYO-
1. Briefly, 1 mmol/L YOYO-1 was diluted 100 times in PBS. Next, 100
ug of pDNA was mixed with 100 xL of YOYO-1 dilution (1 molecule
of YOYO-1 per 152 base pairs of pDNA) and incubated for 2 h in the
dark. Then, the labeled pDNA was blended with the particles to form
complexes. COS-7 cells, seeded at a density of 4 X 10° cells/well in 6-
well plates and grown for 24 h, were incubated for another 4 h after
replacing the medium with 1800 yL of DMEM with different
concentrations of FBS without antibiotics and 200 L of complex
solution containing 6 yg pDNA. Finally, the cells were washed with
cold PBS to remove the noninternalized complexes, trypsinized, and
harvested in PBS. The fluorescence intensity and distribution of the
cells were measured by flow cytometry using a FACSCalibur flow
cytometer (BD, USA) equipped with an argon ion laser (488 nm
emission wavelength), and the fluorescence was detected with a 530 =
30 nm band-pass filter (FL1). Data acquisition was performed in linear
mode, and data were visualized in logarithmic mode. For each sample,
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1 X 10* events were collected. Data were analyzed using CellQuest
software, and appropriate gating was applied to the scatterplots. The
final results were expressed as cell counts versus FL1-H fluorescence
intensity.

2.9. Statistical Analysis. Group data are reported as mean =+
standard deviation (SD). For transfection results, the Student’s t test
was used to determine whether data groups are significantly different
from each other. Statistical significance was defined as having P < 0.0S.

3. RESULTS AND DISCUSSION

3.1. Characterization of CDs, CD-Br, and CD-Polymers.
The synthetic route of CDs, CD-Br, and CD-polymers is
illustrated in Scheme 1. First, highly luminescent CDs were
prepared through one-pot microwave-assisted pyrolysis of CA
in the presence of EDA passivator, a procedure we previously
developed.’" These carbon nanodots are uniformly dispersed
spherical particles with an ultrasmall size of 2.2 + 0.3 nm, as
determined from the high-resolution transmission electron
microscopy (HRTEM) image (Figure 1a). This particle size is
also confirmed by dynamic light scattering (DLS; Figure 1d),
suggesting an average hydrodynamic diameter of 2.3 nm.
Further magnified HRTEM images showed well-resolved lattice
fringes with widths of 0.257 and 0.356 nm attributed to the
(020) and (002) planes of graphitic carbon, respectively.'® The
FTIR spectrum of the CDs shows a broad peak centered at
3396 cm™' and extending across a large wavelength range
(Figure S3, Supporting Information), suggesting the existence
of —OH and especially —NH,, which formed the basis of
subsequent surface functionalization. Moreover, the X-ray
photoelectron spectroscopy (XPS) analysis reveals that the
CDs are mainly composed of C, N, and O elements (Figure
S4a, Supporting Information), and the fitted high-resolution
spectra further prove that there are C—N, C—0O, C=0, and
N—-H bonds in the CDs (Figure SSa,c,e Supporting
Information).
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Table 1. Calculated Polymer Chain Lengths and Molecular Weights of CD-Polymers

theoretical length

actual length®

sample DMA (p) MPD (q) DMA (m)
CD-DMAS0 80 67
CD-DMAS80-MPD20 80 20 67
CD-DMAS80-MPD40 80 40 67

MPD (n) molecular weight per chain molecular weight®
10533 56488
15 14919 80011
32 19890 106670

“Calculated from integration of peaks in the "H NMR spectra. bCalculated by multiplying the molecular weight per chain by the estimated number

of initiators on each CD-Br.

Photoluminescence is the most fascinating property of CDs
among other carbon nanomaterials. The UV—vis spectrum of
the CDs shows a broad absorption peak at 350 nm (with an
absorption coefficient of 7.3 L/(g cm) according to Lambert—
Beer’s Law) and another at 245 nm (Figure 2a), which is typical
for the z—n* transition of the C=C structures.”> Upon
excitation of the CDs aqueous solution with the optimal
excitation wavelength at 350 nm, bright blue fluorescence
centered at 460 nm could be observed (inset of Figure 2a). The
quantum yield (QY) of the synthesized CDs at 350 nm
excitation was calculated to be 41.5%, using quinine sulfate (QY
= 54%) as a standard and following the reported method."> A
single fluorescence lifetime of 15.87 ns was obtained under the
same excitation conditions (Figure S6, Supporting Informa-
tion). The CDs exhibit excitation-wavelength-dependent
photoluminescent behavior, which is a common phenomenon
for CDs.®> With the excitation wavelength increasing from 310
to 530 nm, the emission peak red-shifted from 455 to 600 nm
(Figure 2c). The QY of the CDs changed to 10.1% at 530 nm
excitation using rhodamine B (QY = 97% in ethanol solution)
as a standard. In addition, a drop of the CD solution was
observed to exhibit blue, green, and red luminescence under
ultraviolet (330—38S nm), blue (460—49S nm), and green
(530—550 nm) light excitation, respectively, under a
fluorescent microscope (Figure S7a, Supporting Information).

The ATRP initiator CD-Br was synthesized by amidation
reaction mediated by the coupling agent CDI. Conjugation of
BiBA on the CDs was confirmed by the appearance of the peak
at 1.73 ppm compared to CDs in 'H NMR spectrum (Figure
S8a,b, Supporting Information), which is the feature signal of
—NH-CO—-C(Br)—(CH,),, and the new peaks centered at
187.5 and 69.5 eV correspond to the Br 3p and Br 3d binding
energies, respectively, in the XPS spectrum (Figure S4b,
Supporting Information). The content of Br in CD-Br was
determined by elemental analysis, showing a mass fraction of
9.12%.

Surface-initiated ATRP was utilized to synthesize the PDMA-
b-PMPD copolymer-brush-modified CDs. Figure 1c shows the
typical HRTEM image of the resulting CD-polymer. Unlike
that of the parent CDs, the nanostructure of the single CD can
hardly be identified due to the shielding of the polymer chains.
Nevertheless, the core/shell structure of the CD-polymer can
be recognized. DLS was used to measure the hydrodynamic size
of the CD-polymers (Table S1, Supporting Information),
showing 24.8 + 1.6, 31.9 + 2.0, and 38.4 + 2.1 nm for CD-
PDMA80, CD-PDMAS80-PMPD20 and CD-PDMASO-
PMPDA40, respectively. Due to the hydration effect of the
polymer chains in water, the CD-polymers are much larger than
the original CDs (about 2.3 nm), which are relatively rigid
nanospheres. Photoluminescent measurements of CD-polymers
were carried out to investigate the influence of the polymer
shells on the fluorescent properties of the CDs. As shown in
Figures 2b and S9a,b (Supporting Information), the maximum

excitation and emission wavelengths remained unchanged (ie.,
350 and 460 nm, respectively) after polymerization, and the
absorption peak at about 350 nm was well retained. There was
a stronger absorption in the far-UV region due to the absorbing
character of the polymers. The resulting CD-polymers also had
excitation-dependent fluorescent property similar to the parent
CDs (Figures 2d and S9¢,d, Supporting Information) exhibiting
blue, green, and red emissions under the excitation of different
color lights (Figure S7b, Supporting Information). The QYs of
CD-PDMA80, CD-PDMAS80-PMPD20, and CD-PDMAS0-
PMPD40 were 15.9, 14.3, and 13.7% at 350 nm excitation,
and decreased to 4.0, 3.7, and 3.5%, respectively, when excited
by 530 nm light. These QYs were lower than the QY of parent
CDs yet high enough for bioimaging. Previously, we showed
that EDA played dual roles in improving the fluorescent
performance of the CDs, that is, acting as the precursor for N-
doping and bringing about the —NH, surface passivation.”’ We
believe that the consumption of some —NH, during the particle
surface modification was responsible for the decreased QY,
while the doping N atoms remained unaffected.

"H NMR spectra for CD-PDMA and CD-PDMA-PMPD
(Figure S8c,d, Supporting Information) showed feature signals
of DMA (—-N—(CH,),, 6 = 2.3; —-CH,—N—, § = 2.7; -N—
CH,—CH,—, 6 = 4.1; —CH,— (main chain), § = 1.9; —C—CHj,
5 = 0.8) and MPD (SO;—CH,—, § = 2.9; SO;—CH,—CH,—, §
= 2.1; SO,—CH,—~CH,—CH,—, & = 34; —(CH,),, 6 = 3.0;
—NH-CH,—, § = 3.3; —-NH—-CH,—CH,—, § = 2.1; —-NH—
CH,—CH,—CH,, § = 3.3; —CH,— (main chain), § = 1.9; —C—
CH;, § = 0.8),”® indicating the polymerization of the two
segments. Additionally, FTIR spectra confirm the fabrication of
CD-Br and CD-polymers (Figure S3, Supporting Information).

It is difficult to measure the molecular weight of polymer
coatings on a particle through conventional methods, such as
by gel permeation chromatography (GPC). Here, the '"H NMR
spectra are employed to estimate the molecular weights of the
polymer chains (see Supporting Information). The loading
density (LD) of the ATRP initiators on the surface of the CDs,
and the number of Br initiating points, also the number of
polymer chains, on each CD (n,) are assessed according to the
equations below:>>

NNy

SCD
Vep

LD =

Pcp
g, = Scp X LD

where N, is the number of Br moles in 1 g CD-Br (1.14
mmol/g, calculated from the weight percentage of Br, 9.12%, as
mentioned above); N, is Avogadro’s number; Scp, and V¢, are
the surface area and volume of one CD (calculated from the
average diameter of 2.2 nm), respectively, and pcp is the
density of the CDs (1.44 g/cm’, measured by pycnometer
method using cyclohexane as the nonsolvent).
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Figure 3. (a) BSA adsorption of CD-polymers and PEI2Sk. (b) Stability of CD-polymers and PEI2Sk in 50% FBS after coincubation for different

time intervals. Results are presented as the mean + SD, n = 3.

LD was calculated to be 0.359 initiator/nm? and the
corresponding np. was 5.3 initiators/CD. The degree of
polymerization of each polymer chain and the molecular
weights of the CD-polymers are summarized in Table 1.

3.2. Formation of CD-Polymer/pDNA Complexes.
Agarose gel electrophoresis was used to investigate the ability
of the CD-polymers to condense pDNA, which is a crucial
factor for efficient cell transfection. For all three polyplexes
tested, their migrating ability in the gel decreased with
increasing complexing ratio (Figure S11, Supporting Informa-
tion). The complete retardation (full DNA condensation) was
achieved at weight ratios of 0.8, 1.0, and 1.2 for CD-PDMASO0,
CD-PDMAS80-PMPD20, and CD-PDMAS80-PMPDA40, respec-
tively. Particles with longer PMPD chain length required more
of them to fully condense the DNA due to the decreased
cationic PDMA content and the charge shielding effect of
PMPD (containing zwitterions).28

Zeta potential of the CD-polymer/pDNA at different weight
ratios was measured to characterize the surface charges of the
polyplexes. As shown in Figure S12a (Supporting Information),
the zeta potentials of the three complexes are in the order of
CD-PDMAS80/pDNA > CD-PDMA80-PMPD20/pDNA >
CD-PDMAS80-PMPD40/pDNA at each selected weight ratio,
suggesting correspondingly decreased ability to condense
pDNA; this is consistent with the result of electrophoresis.
As the complexing ratio increased, the zeta potential also
increased and eventually reached over 30 mV. This will increase
the affinity of complexes to negatively charged cell membrane
surfaces, thereby facilitating the cellular uptake of nanoplexes.>*

CD-polymers can effectively condense pDNA into nanosized
spherical particles (about SO nm), as revealed by the TEM
images (Figure S13, Supporting Information). The average
diameters of the CD-polymer/pDNA complexes determined by
DLS showed a declining trend upon increasing the complexing
ratio (Figure S12b, Supporting Information), and the results for
the three polyplexes are in the order of CD-PDMA80/pDNA <
CD-PDMAS80-PMPD20/pDNA < CD-PDMA80-PMPD40/
pDNA at each weight ratio. The higher surface charge density
is responsible for the stronger condensation ability of CD-
PDMAS80, among others. Typically, the hydrodynamic
diameters of the complexes (between 90 and 110 nm)
measured by DLS are larger than those observed by TEM
due to the hydration effect in aqueous solution at DLS

condition. Moreover, all of the CD-polymers can well protect
pDNA from enzymolysis (Figure S14, Supporting Informa-
tion), which is another key criterion for gene vectors.

3.3. Protein Adsorption of CD-PDMA-PMPD. With
respect to biomedical applications, protein adsorption onto
the surface of biomaterials can usually cause serious
inflammatory response, leading to platelet adhesion and
thrombosis.”® For gene delivery, the transfection efficiency is
significantly compromised in the presence of serum for many
cationic polymer vectors due to their nonspecific interactions
with blood components.35 Herein, BSA was selected as a model
protein to simulate the blood albumin-rich conditions and
determine the interactions between the CD-polymers and
proteins. The BSA adsorbed by PEI2Sk and CD-PDMASO
exceeded 1.4 mg/mg polymer (Figure 3a), which was induced
by electrostatic interactions between the negatively charged
BSA and the highly positively charged polymers. By introducing
PMPD blocks, the adsorption value dramatically drops to less
than half of that for CD-PDMAS80 or even about one-fourth,
demonstrating the effective suppression of protein adsorption
due to the introduction of zwitterionic PMPD block, which can
shield the positive charges to some extent. A similar result is
obtained when coincubating the vectors with 50% FBS. As
shown in Figure 3b, CD-PDMA80-PMPD20 and CD-
PDMAS80-PMPD40 groups exhibit much lower absorbance
than PEI25k and CD-PDMAS8O0, which is due to the suppressed
protein adsorption and thus decreased turbidity of the
solutions. These results are consistent with the previous report
that zwtterionic polymers have excellent ability to resist
nonspecific protein adsorption.*®

3.4. Blood Compatibility Assay. Blood compatibility is
another important criterion for gene delivery systems to ensure
their safe administration into the systemic circulation. The
hemocompatibility of the CD-polymers was assessed by both
hemolysis and red blood cell aggregation tests. Visual
observation of hemolysis caused by the polymers is shown in
Figure 4a. As shown in Figure 4b, PEI25k was found to cause
more serious hemolysis (43.5 and 54.6% at 0.5 and 1 mg/mL
polymer concentrations, respectively). The high hemolytic
damage rate of PEI2Sk is attributable to its excessively strong
electrostatic interaction with membrane proteins and phospho-
lipids, which results in disturbed membrane structure and
function.’® CD-PDMAS8O caused over 10% hemolysis at the
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Figure 4. (a) Visual observation of the hemolysis caused by CD-
polymers and PEI2Sk in phosphate buffer solution at pH 7.4 with
TritonX-100 and PBS as positive and negative control, respectively.
(b) Hemolytic rates of CD-polymers and PEI2Sk at concentrations of
0.5 and 1.0 mg/mL. Results are presented as the mean + SD, n = 3.

concentration of 1.0 mg/mL, while CD-PDMAS80-PMPD20 (at
0.5 mg/mL) and CD-PDMAS80-PMPD40 (at both 0.5 and 1.0
mg/mL) displayed hemolysis rates of lower than 5%, which can
be considered to elicit little to no hemolytic reaction.®” The
zwitterionic polymer modified CDs exhibit superior hemolysis-
resistance performance to the crude CDs or carbon nano-
particles derived from spider silk, sucrose, glycine,*® ** and
even PEG-modified CDs.®

In addition to hemolysis, the absence of hemagglutination is
regarded as another main criterion for blood compatibility since

undesirable red blood cell (RBC) aggregation can induce
serious circulatory disorders and even lethal toxicity.41 Figure §

Figure 5. Micrographs of red blood cells after incubation with
polyplexes of (a) CD-PDMA80/pDNA (16:1 w/w), (b) CD-
PDMAS8O-PMPD20/pDNA (20:1 w/w), (c) CD-PDMASO-
PMPD40/pDNA (24:1 w/w), (d) PEI25k/pDNA (2:1 w/w), and
(e) PBS. Scale bars: 20 pm.

shows the effect of the CD-polymer/pDNA and PEI2Sk/
pDNA complexes on the aggregation of RBC at the selected
weight ratios. Serious and slight RBC aggregation was observed
for PEI2Sk/pDNA and CD-PDMAS80/pDNA, respectively,
while for CD-PDMA-PMPD, only negligible aggregation was
detected. Both hemolysis and RBC aggregation tests demon-
strate that the CD-PDMA-PMPD (modified with zwitterionic
polymers) is highly hemocompatible.

3.5. Cytotoxicity Evaluation of the CD-Polymers. Low
toxicity and great biocompatibility are generally prominent
characteristics for carbon dots, while cationic vectors usually
show relatively greater toxicity to the cultured cells. To
investigate the cytotoxicity of the polymer integrated CDs, in
vitro MTT assay was carried out for CD-PDMASO/pDNA,
CD-PDMAS80-PMPD20/pDNA, and CD-PDMA8S0-PMPD40/
pDNA complexes in COS-7 cells. From the results displayed in
Figure S1S (Supporting Information), it is seen that all the
samples exhibit a complex ratio-dependent cytotoxicity, with
higher amount of CD-polymers in the complexes leading to
lower cell viability. Importantly, zwitterionic PMPD modified
particles showed less cytotoxicity than nonzwitterionic modified
particles (Figure S15, Supporting Information). It is well
accepted that particles with high positive charge density can
cause damage to cell membranes and induce cytotoxicity. The
introduction of zwitterionic PMPD blocks can lessen the
damage effect due to its charge shielding property.

3.6. In Vitro Gene Transfection. The in vitro transfection
activities of the CD-polymers were investigated in COS-7 cells
using pGL-3 and pEGFP-C1 plasmids as reporter genes,
respectively. The transfection efficiencies of the three CD-
polymer/pDNA complexes at various weight ratios in the
presence of different concentrations of serum for the luciferase
assay are shown in Figure 6a—c. The optimal transfection
efficiencies were achieved at 16:1, 20:1, and 24:1 for CD-
PDMA80, CD-PDMAS80-PMPD20, and CD-PDMASO-
PMPD40, and they are 2.0, 3.0, and 3.6-fold that of PEI25k
at 10% serum concentration, respectively. The higher trans-
fection efficiencies of the CD-polymers at 10% serum compared
with PEI25k were probably due to the star-shaped structures,
which have been reported to enhance the performance of
polycation gene vectors.
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Figure 6. In vitro luciferase gene transfection efficiency of CD-polymers/pDNA complexes at varied weight ratios relative to that of PEI2Sk/pDNA
in the presence of (a) 10, (b) 30, and (c) 50% serum concentrations in COS-7 cells. (d) Comparison of transfection performances of PEI25k/
pDNA, CD-PDMAS80/pDNA, CD-PDMAS80-PMPD20/pDNA, and CD-PDMAS80-PMPD40/pDNA complexes at weight ratios of 2:1, 16:1, 20:1,
and 24:1, respectively, in COS-7 cells upon increasing serum concentration. Results are presented as the mean + SD, n = 3. Asterisks (*) denote
significant differences (P < 0.0S, calculated by two population Student’s ¢ test), (a—c) using the transfection efficiency of CD-PDMASO at each
weight ratio as control and (d) the transfection efficiency at 10% serum as control.

One of the serious disadvantages of the cationic vector-
mediated systemic gene delivery is the significant inhibition
effect to transfection in the presence of serum. To inspect the
effect of serum concentration on the transfection efficiency of
the CD-polymer/pDNA complexes, we carried out transfection
experiments in 30 and 50% serum conditions. The transfection
efficiency of PEI2Sk declined dramatically with the increment
of serum concentration, and more obvious differences were
observed among the performances of the three CD-polymers at
each complex ratio compared to the case of 10% serum (Figure
6b,c). For a better explanation, we focused on the transfection
efficiency of the vectors at their optimum complexing ratios in
different concentrations of serum (Figure 6d). With increasing
serum concentration, the transfection efficiencies of the vectors
were affected to a different extent. PEI25k and CD-PDMAS0O
suffered a 75.2 and 38.4% reduction of efficiency, respectively,
at 30% serum compared with 10% serum case, while only 15.8
and 3.7% reductions were observed for CD-PDMA80-PMPD20
and CD-PDMAS80-PMPDA40, respectively. Further increasing
the serum concentration to 50% caused a transfection level
decline of as high as 88.3 and 54.3% for PEI25k and CD-
PDMAS8Q, respectively, but CD-PDMA80-PMPD20 and CD-
PDMAS80-PMPD40 exhibited only 21.5 and 6.2% decreases,
respectively. It is noteworthy that CD-PDMA80-PMPD40
shows considerable superiority over PEI2Sk and achieves 13
and 28 times higher transfection efficiencies than PEI2Sk in the
presence of 30 and 50% serum, respectively. These results
demonstrate that the copolymerized PMPD blocks can
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substantially enhance the serum stability of polycation vectors,
suggesting that CD-PDMA-PMPD vectors hold promising
potential for in vivo applications.

The transfection mediated by PEI25k, CD-PDMAS80, and
CD-PDMAS80-PMPD40 was also evaluated using pEGFP-C1 as
the reporter gene in COS-7 cells. The transfected cells were
visualized with an inverted fluorescent microscope, and the
images for cells treated by different vectors in various serum
concentrations are given in Figure 7. Similar results were
obtained to the luciferase transfection. CD-PDMAS80-PMPD40
was still the most tolerant to serum in mediating GFP
transfection in COS-7 cells.

3.7. Cellular Uptake of CD-Polymer/pDNA. In addition
to promoting the complex stability in the presence of serum,
zwitterionic betaines such as sulfobetaine have been reported to
facilitate the cellular uptake.***® It is expected that the
introduction of PMPD blocks to CDs would aid in the
internalization of CD-polymer/pDNA complexes by cells, thus
contributing to the enhancement of transfection efficiency. To
confirm this, COS-7 cells were transfected by YOYO-1-labeled
pDNA condensed by PEI25k, CD-PDMAS80, and CD-
PDMAS80-PMPD40 at their optimal weight ratios of 2:1,
16:1, and 24:1, respectively, in 10 and 50% serum, and the
results were obtained by flow cytometry (Figure 8). It was
found that zwitterionic PMPD modification significantly
increased the cellular uptake compared with PEI25k control
and nonzwitterionic modified CDs. Such an increase in cellular
uptake was further amplified at a high serum concentration
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Figure 7. Fluorescent microscope images of COS-7 cells expressing
GFP mediated by (a) PEI2Sk, (b) CD-PDMASO, and (c) CD-
PDMAS80-PMPD40 (complex ratios were 2:1, 16:1, and 24:1,
respectively) at different serum concentrations. Scale bars: 100 ym.
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Figure 8. Flow cytometry analysis of (a) cellular uptake of PEI25k/
pDNA (2:1 w/w), (b) CD-PDMAS0/pDNA (16:1 w/w), and (c)
CD-PDMAS80-PMPD40/pDNA (24:1 w/w) complexes by COS-7
cells in the presence of 10 and 50% serum concentrations.

(50%). This excellent performance can be attributed to the
slightly enhanced hydrophobicity of the polymers after PMPD

incorporation, which is beneficial to the enhancement of the
interaction between the vectors and cell membrane.*> The
results of cellular uptake further reveal the excellence of
introducing PMPD in improving the transfection efficiency of
CD-PDMASO0.

3.8. Fluorescent Imaging of Nanocomplexes in Living
Cells. The polycation/polyzwitterion copolymer grafted CDs
in the present study have demonstrated excellent performance
in serum-resistant gene delivery. Taking their wavelength-
dependent multicolor fluorescence into consideration, they
hold the potential to serve as a multifunctional vector with the
ability of bioimaging. To confirm this, we chose COS-7 cells for
the in vitro transfection and labeling by CD-PDMASO-
PMPD40/pDNA complexes. Figure 9 presents the photo-
graphs of the as-transfected cells and negative controls taken by
a laser scanning confocal microscope. Nearly no fluorescence
was detected in control cells, while bright blue, green, and red
fluorescence were observed at 405, 488, and 543 nm
wavelength laser excitation in the COS-7 cells transfected for
4 h, consistent with the aforementioned fluorescence
microscopy assay. Fluorescence was distributed mainly in the
cell membrane and the cytoplasm, especially around the cell
nucleus, suggesting that the complexes had been successfully
internalized into the cells. Remarkably, CD-PDMA80-PMPD40
showed no blinking and low photobleaching under the confocal
laser, indicating its good photostability and great potential as
bioimaging materials. Moreover, the multicolor emission
endows the CD-polymer with more flexibility in biolabeling
application, and by changing the excitation wavelength, near-
infrared imaging might even be realized.

4. CONCLUSION

In summary, CD-PDMA-PMPD core/shell composites with
different polymer block chain lengths were successfully
synthesized by surface-initiated ATRP. The obtained CD-
polymers were able to condense plasmid DNA into stable
nanosized particles and protect DNA from enzymatic
degradation. In comparison with CD-PDMAS80 and PEI2Sk,
the CD-PDMA-PMPD exhibited lower cytotoxicity, signifi-
cantly suppressed BSA protein adsorption and superior
hemocompatibility. The polycation/polyzwitterion copolymer
modified CDs presented a superior serum-tolerant property
and an enhanced cellular internalization. PEI25k showed
dramatically dropped transfection efficiency upon increasing
the serum concentration, while zwitterionic PMPD modified
CDs (e.g., CD-PDMAS0-PMPD40) maintained the stably high
transfection performance, and displayed 13 and 28 times higher
transfection efficiencies than PEI2Sk under 30 and 50% serum,
respectively. Fluorescent studies suggested that the photo-
luminescent attributes, especially the tunable emission prop-
erty, were well retained after surface modification, and the
multicolored fluorescent emissions in transfected cells could be
readily detected by laser scanning confocal microscope,
suggesting that the CD-polymer hybrid will be a promising
platform for serum-resistant gene delivery and imaging. It is
anticipated that this new type of multifunctional nanomaterial
will pave the way for the development of more CD-based gene
theranostic systems. The introduction of ATRP will contribute
to the design of future controllable and versatile CD surface
coatings and broaden the range of their applications.
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Figure 9. Laser scanning confocal microscopy images of (a) nontransfected COS-7 cells as negative control and (b) CD-PDMAS80-PMPD40/pDNA
transfected cells. The samples were observed under bright field and excited at 405, 488, and 543 nm. Scale bars: 25 pm.
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