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Abstract
Background: The aim of this work was to develop a novel and feasible modi�cation strategy by utilizing
the supramolecular effect of 2-hydroxypropyl-beta-cyclodexrin (2-HP-β-CD) for enhancing the biological
transport e�ciency of paclitaxel (PTX)-loaded poly(lactide-co-glycolide)(PLGA) nanoparticles.

Methods: PTX-loaded 2-HP-β-CD-modi�ed PLGA nanoparticles (2-HP-β-CD/PLGA NPs) were prepared
using the modi�ed emulsion method. Nano-characteristics, drug release behavior, in vitro cytotoxicity,
cellular uptake pro�les and in vivo bio-behavior of the nanoparticles were then characterized.

Results: Compared with the plain PLGA NPs, 2-HP-β-CD/PLGA NPs exhibited smaller particle sizes
(151.03±1.36 nm), increased entrapment e�ciency (~49.12% increase) and sustained drug release. When
added to A549 human lung cancer cells, compared with PLGA NPs, 2-HP-β-CD/PLGA NPs exhibited higher
cytotoxicity in MTT assays and improved cellular uptake e�ciency. Pharmacokinetic analysis showed
that the AUC value of 2-HP-β-CD/PLGA NPs was 2.4-fold higher than commercial Taxol® and 1.7-fold
higher than plain PLGA NPs. In biodistribution assays, 2-HP-β-CD/PLGA NPs exhibited excellent stability
in the circulation.

Conclusions: The results of this study suggest that formulation contains 2-HP-β-CD can prolong PTX
release, enhance drug transpot e�ciency and serve as a potential tumor targeting system for PTX.

Background
When an antitumor nanomedicine is administered in the body, it undergoes 5 main steps, including blood
circulation, tumor accumulation, deep penetration, cell internalization, and drug release to effectively kill
tumor cells. Any hindrance in this process will affect the overall therapeutic effect of the drug[1,2].
Abnormal tumor blood vessels, high interstitial pressure, large tumor cell density, and dense extracellular
matrix often hinder the penetration of nanomedicine into the tumor sites[3-5]. In tumor tissues, as new
blood vessels are generated to supply excess nutrients and oxygen to cells, the permeability of tumor
capillaries increases; therefore the plasma proteins and other macromolecules leach out, causing
lymphatic circulation, and thus, interstitial hydraulic pressure is elevated[6,7], causing chaotic
arrangement of capillaries and distortion of structure[8]. Also, increased levels of proteoglycan, growth
factors, and hyaluronic acid in the extracellular matrix of tumors, increased collagen levels[9], increased
lysine oxidase content, and enhanced covalent cross-linking ability with collagen[10,11], etc., cause
accumulation of drugs in the marginal tissues of the tumor; the drug spreads slowly and faces di�culties
to reach the central part[12-15], which hinders drug delivery[16,17]. Recently, the anti-tumor nanomedicine
research is focusing on understanding the mechanism of nanomedicine’s penetration into the capillary
wall to reach the surface layer of tumor tissue by penetrating the complex microenvironment matrix of
the tumor to reach the deep layer of the tumor under high interstitial pressure[17]. However, it remains
necessary to develop new strategies that can simultaneously enhance the tumor targeting and biological
transport abilities of therapeutic agents. In this study, we aimed to adjust the size and properties of PLGA
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nanoparticles delivery system to enhance their penetration at the tumor site and accumulation near the
tumor capillaries for their effective entry to the tumor cells. The antitumor e�cacy of the formulations
was assessed in vitro with cancer cell and in vivo with animals. To investigate the multi-factor in�uence
on bioavailability, the relevance between the physicochemical (size, morphology, , dissolution behavior et
al) and biochemical properties (cytotoxicity, cellular uptake et al) of NPs was analyzed in detail.

Materials And Methods

Materials
Paclitaxel (PTX) was purchased from InnoChem Science & Technology Co., Ltd. (Beijing, People’s
Republic of China); Free paclitaxel (commercial Taxol®) was purchased from Mei Lai Pharmaceutical Co.,
Ltd. (Chongqing, People’s Republic of China); PLGA (LA:GA =50:50, MW=10 k, 20 k and 30 k, ester
terminated) was purchased from Dai Gang Bioengineering Co., Ltd. (Jinan, People’s Republic of China);
Polyvinyl alcohol (PVA) was supplied by Cola International Trade Co., Ltd. (Shanghai, People’s Republic of
China); 2-hydroxypropyl-β-cyclodextrin(2-HP-β-CD) was a gift from Qian Hui Biotechnology Co., Ltd. (Zibo,
People’s Republic of China); Rhodamine-B was purchased from Da Mao Chemical Reagent Co., Ltd.
(Tianjin, People’s Republic of China); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). All other reagents were of the highest
commercial grade available. Human lung cancer cell lines A549 were kindly provided by the School of
Life Sciences and Biopharmaceutics, Guangdong Pharmaceutical University (Guangzhou, People’s
Republic of China).

Preparation of the nanoparticles
A modi�ed emulsion method with an acetone-ethyl alcohol/water system was used to prepare PTX-
loaded PLGA NPs[18,19]. Brie�y, 2 mg of PTX and 60 mg of PLGA were dissolved in 3 ml of acetone:ethyl
alcohol (8 : 2, v/v) solution. The organic phase of the solvent was then slowly injected into 20 ml 2% PVA
solution with ultrasonication (150 kHz of energy output, JY88-IIN, Scientz Biotechnology Co., Ltd, People’s
Republic of China) for 10 min. The emulsion solution was stirred overnight to evaporate the organic
solvent and the NPs were centrifuged at 15,000 rpm (4℃) for 30 min (5424R, Eppendorf, Germany) and
washed three times in 20 ml of deionized water to remove unencapsulated drug and PVA emulsi�er. To
investigate the effects of different PLGA molecular weights on particle size, zeta potentials and the
encapsulation e�ciency of the nanoparticles, drug-loaded NPs of different molecular weights (10 k, 20 k
and 30 k) were prepared and surveyed.

2-HP-β-CD modi�ed PLGA NPs (2-HP-β-CD/PLGA NPs) were fabricated with the exception of 2% 2-HP-β-
CD which was added into 2% PVA. Fluorescence-labeled NPs were prepared by the replacement of PTX
with 2 mg of rhodamine-B (RDM).
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Nanoparticle Characterization

Particle Size and Zeta Potential
The hydrodynamic size and Zeta potential of the PLGA NPs and 2-HP-β-CD/PLGA NPs were measured by
dynamic light scattering (DLS; Delsa nano C, Beckman Coulter Inc., California, USA). The NPs were
suspended in deionized water prior to experiments and multiple runs (>3) were performed to avoid
erroneous results.

Encapsulation e�ciency
The Encapsulation e�ciency of the NPs was determined by Sephadex Chromatography. Brie�y, 0.5 ml of
the sample was loaded onto a Sephadex G-50 column (1.5 cm×15 cm) to which 30 ml of sterile water
and 30 ml of 5% sodium dodecyl sulfate (SDS) were used for elution. The drug EE (%) of PTX-loaded NPs
were determined by HPLC and calculated using the following equation:

The HPLC analysis was performed using Waters (e2695 HPLC system, Waters, USA) HPLC equipment,
�tted with a Kromasil 100-5-C18 column (4.6×250 mm, dp=5 µm). The mobile phase consisted of a
mixture of methyl alcohol and puri�ed water (65:35). All HPLC experiments were carried out in the
isocratic mode. The injection volume was 20 μL with a �ow rate of 1 ml/min. The column temperature
was maintained at 25°C, and elution was monitored at 227 nm.

Surface Morphology
The nanoparticles were characterized through the assessment of their morphology via transmission
electron microscopy (TEM; JEM-1400, JEOL Co., Tokyo, Japan). Samples for TEM observations were
prepared through the drop-wise addition of diluted sample solutions onto a copper grid coated with a
carbon membrane. The grid was then dried, dyed with 2% phosphotungstic acid and air-dried. The
surface morphology of PLGA and 2-HP-β-CD/PLGA NPs were then examined by TEM.

X-ray diffraction analysis
X-ray diffraction analysis (D8-Advance, Bruker Co., Germany) was used to determine the crystalline state
of PTX in different PLGA and 2-HP-β-CD/PLGA NPs. These analysis were carried out using copper targets
that were adjusted to a tube pressure of 40 Kv. The tube �ow was set to 40 mA and scanning diffraction
peaks between 5°and 40°at 2θ were recorded.
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Fourier transform infrared spectroscopy analysis
Fourier transform infrared (FT-IR) spectroscopy analysis of the PLGA NPs and 2-HP-β-CD/PLGA NPs were
recorded on a FT-IR spectrophotometer (Spectrum100, PerkinElmer Co., Boston, USA) using KBr.

In vitro release pro�les
The pH of the blood stream is ~7.4 compared to ~6.8 in the tumor extracellular microenvironment and
~5.0 in late endosomes/lysosomes[20,21]. To verify the pH-dependent kinetics of drug release, PLGA and
2-HP-β-CD/PLGA NPs were incubated in 2% SDS solutions at pH 7.4, pH 6.8 or pH 5.0 at 37℃ for 72 h
and the release of PTX was monitored using HPLC.

In vitro Cytotoxicity
The cytotoxicity of nanoparticles was evaluated by MTT assays in A549 cells. Cells were seeded in a 96-
well plate (4000 cells/well) for 24 h prior to analysis and free PTX, PLGA and 2-HP-β-CD/PLGA NPs with
PTX concentrations equivalent to 0.125, 0.25, 0.5, 1, 2, 4, 8, 16 ug/ml were added. Cells were incubated in
a 5% CO2 incubator at 37℃ for 24, 48 and 72 h. MTT reagent (100 µL, 5 mg/ml in medium) was added
for 4 h, following the addition of MTT stop solution and the measurement of optical densities using a
microplate reader (800TS Absorbance Reader, BioTek Inc).

Cellular Uptake
The human lung cancer cell line A549 was selected for assessments. The extent of internalization of the
modi�ed NPs was visualized under a �uorescence inversion microscope and quanti�ed by �ow cytometry
(Cyto�ex, Beckman Coulter Inc). The cellular uptake and intracellular distribution of free-Rhodamine B
(free-RDM), PLGA NPs and 2-HP-β-CD/PLGA NPs in A549 cells were evaluated through assessment of the
�uorescence intensity of rhodamine-B (RDM). The concentration of rhodamine-B for each formulation
was �xed and uni�ed.

For �uorescence visualization, A549 cells were seeded onto six-well culture plates at a density of 1.7×105

cells. The medium was then replaced with fresh medium containing plain or modi�ed PLGA NPs for 2 h.
Cells were then washed three times with cold PBS to terminate cell uptake and cells were �xed with 4%
para-formaldehyde for 15 min. Cell nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPI) for 5
min followed by washing with PBS (3 x 5 min washes) to remove free DAPI. Cells were visualized on a
�uorescence inversion microscope.

Flow cytometry was performed to quantify the cellular uptake of NPs. A549 cells were plated in 6-well
plates at a density of ~50,000 cells per well overnight and treated with free-RDM or NPs suspended in
serum-free medium. Negative control groups were treated with fresh medium containing no NPs. After 1,
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2 and 8 h of incubation, cells were collected by trypsinization and analyzed on a �ow cytometer. A total of
10,000 gated events were acquired for each analysis.

Pharmacokinetic studies in rats
The study was approved by the Institutional Animal Care and Use Committee of Guangdong
Pharmaceutical University, which ensured that the care and use of animals conformed to the National
Institutes of the Health guide for the care and use of laboratory animals. Half male and half female
Sprague-Dawley (SD) rats weighting 180-220 g were used for in vivo pharmacokinetic studies. Male and
female rats were randomly divided into 3 groups (3 female and 3 male rats per group) and intravenously
administered free PTX, PLGA NPs and 2-HP-β-CD/PLGA NPs at doses of 20 mg/kg via the caudal vein. At
0.0833, 0.25, 0.5, 1, 2, 4, 8 and 12 h post-administration, 1 ml of the blood samples were collected from
the ophthalmic venous plexus into heparinized centrifuge tubes. Blood samples were centrifuged at 6000
rpm for 10 min to separate the plasma. The obtained plasma samples were processed as follows: 100μL
of which was extracted in 200 μL of ethyl acetate through vortexing and ultrasoni�cation for 1 min. After
centrifugation at 6000 rpm for 30 min, supernatants were collected and evaporated under nitrogen.
Residues were dissolved in 100 μL of methanol and used for HPLC analysis. Pharmacokinetic parameters
were calculated using DAS 2.0 software Chinese Pharmacological Society, Shanghai, China .

In vivo biodistribution
To investigate the biodistribution of plain and 2-HP-β-CD modi�ed NPs, Rhodamine-B (RDM)-loaded NPs
were prepared by replacing PTX with RDM. The NPs were then injected into Kunming mice at doses of 20
mg/kg via the tail vein. Ex vivo imaging signals of RDM in the major organs were monitored through in
vivo imaging at 5 min, 30 min, 2 h, 4 h and 6 h post-injection. After 6h of administration, mice were
sacri�ced and the major organs (heart, liver, spleen, lung, kidney and brain) were excised. Tissues were
washed three times with normal saline and placed in a surface dish for imaging.

Statistical analysis
Data are expressed as the mean ± standard deviation (SD) of three independent experiments. Differences
amongst the groups were assessed by an analysis of variance. Intragroup group differences were
assessed using an independent sample t test, using SPSS software (SAS Institute, Cary, NC, USA). P<0.05
was considered statistically signi�cant.

Results And Discussion

Fabrication of PTX-loaded 2-HP-β-CD/PLGA Nanoparticles
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The preparation of PTX-loaded 2-HP-β-CD/PLGA NPs are shown in Figure 1. Through ultrasonication,
some of the hydrophobic segments of PLGA in the organic phase were captured by 2-HP-β-CD via its
supramolecular effects (Process ) and owing to its hydrophilic surface coating (2-HP-β-CD). The
formerly hydrophobic segments of PLGA were reversed to hydrophilic segments and partly or entirely
embedded into the outer hydrophilic nanostructure during the self-assembly of the NPs (Process ). The
remaining uncoated hydrophobic PLGA segments formed an internal lipophilic nanostructure that
encapsulated the PTX.

Table 1. Characteristics of the PTX-loaded PLGA NPs (MW=10 k).

Samples Particle size
nm

PDI Zeta potential
(mV)

Entrapment e�ciency
 (%)

PTX-loaded PLGA NPs 197.27 ± 7.09 0.14± -25.67 ± 7.6 40.08 ± 1.42

PTX-loaded 2-HP-β-CD/PLGA
NPsa

151.67 ± 5.42 0.15± -12.24 ± 1.72 89.02 ± 1.72

aAbbreviations: PTX, paclitaxel; PLGA, poly (lactide-co-glycolide); NPs, nanoparticles; 2-HP-β-CD/PLGA
NPs, 2-hydroxypropyl-beta-cyclodexrin modi�ed poly (lactide-co-glycolide); PDI, polydispersity index.
bData are the mean ± SD (n=3).

Characterization of the PLGA nanoparticles
The size and surface properties of the NPs are the important pro�les in cellular uptake and drug release
processes, and in vivo pharmacokinetic and biodistribution analysis[22]. As shown in Table 1 and Figure
2, both PLGA NPs and 2-HP-β-CD/PLGA NPs had particle sizes ranging from 130 nm to 200 nm, which
were appropriate size ranges for their accumulation in the tumor vasculature under the in�uence of the
EPR effect [4]. Moreover, to determine the effects of the PLGA molecular weight (MW) on the
characterization of NPs, PLGA and 2-HP-β-CD/PLGA NPs with a MW of 10 k, 20 k and 30 k were prepared
and studied. As shown in Figure 2-A, with an increasing MW of the PLGA, the particle sizes of the plain
PLGA NPs decreased, whilst 2-HP-β-CD/PLGA NPs increased. Compared with the plain PLGA NPs with a
MW of 10 k and 20 k, 2-HP-β-CD/PLGA NPs had smaller average particle sizes. This decreased size (~30-
40 nm) may have contributed to 2-HP-β-CD coating that improved the hydrophilic nature of the organic
solvent during NP fabrication, evidenced as a successful surface modi�cation. Regarding NPs with a MW
of 30 k, the average particle size of the 2-HP-β-CD/PLGA NPs were larger than those of plain PLGA NPs.
This reversed result may be due to the steric effects between PLGA and 2-HP-β-CD and the hydrophobic
areas of large MW PLGA (30 k) that fails to bond the hydrophobic core of 2-HP-β-CD. As such, 2-HP-β-CD
may only partially embed in the outer structure of the NPs or combine with the NPs through peripheral
hydrogen bonding, resulting in an increased particle size.
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As shown in Table 1 and Figure 2B, plain and modi�ed NPs with a MW of 20 k showed similar zeta
potentials (ZP). The ZP of 2-HP-β-CD/PLGA NPs with a MW of 10 k and 30 k were signi�cantly higher
than those of PLGA NPs (p<0.05). As a result of the negative charge of NPs, unwanted clearance through
the reticuloendothelial system (RES) could be reduced [1-3].

As shown in Table 1 and Figure 2C, 2-HP-β-CD signi�cantly enhanced the encapsulation e�ciency (EE %)
of PLGA NPs at all three surveyed MWs (10 k, 20 k and 30 k). The mean EE% of the 2-HP-β-CD/PLGA NPs
(MW=10 k) was 48.94% higher than the plain PLGA NPs (p<0.05). This result may be due to the additional
amounts of PTX captured by the lipophilic cavity of 2-HP-β-CD.

As shown in Figure 3A & 3D, compared with the plain PLGA NPs, the appearance of 2-HP-β-CD/PLGA NPs
were more transparent. TEM was used to assess the NP surface morphology, revealing the NPs as
spherical under x 3000 magni�cation (Figure 3B & 3E). Moreover, under x 50000 magni�cation, a rough
particle surface could be observed on the PLGA NPs (Figure 3-C), which may have formed through the
absorbance of PTX onto PLGA. As shown in Figure 3F, compared with plain PLGA NPs, 2-HP-β-CD/PLGA
NPs were round in shape, uniform in size, and possessed a layer of translucent material around the NP
core. This highlighted that surface modi�cation using 2-HP-β- CD can improve the smoothness of the NP
surface and reduce particle size.

XRD was used to evaluate the dispersion rates of PTX in PLGA NPs and 2-HP-β-CD/PLGA NPs (Figure 4).
The X-ray powder diffractograms of pure PTX exhibited a series of intense sharp peaks, indicating its
crystalline character. As shown in Figure 4, no PTX crystal peaks were present in either PLGA NPs or 2-HP-
β-CD/PLGA NPs. These data demonstrated that PTX exists in an amorphous states in both the plain and
modi�ed NPs.

The successful encapsulation of PTX and 2-HP-β-CD modi�cations were further con�rmed through FT-IR
absorption spectra. According to Figure 5, PTX was characterized by bands of ~1450 cm-1, 1714.4-
1733.8 cm-1 and 1646.4 cm-1, corresponding to the benzene ring, ketone carbonyl and amide carbonyl,
respectively. The spectra of 2-HP-β-CD were characterized by bands of 3600-3200 cm-1 due to hydroxyl
stretching vibrations. In physical mixtures of PLGA NPs and 2-HP-β-CD/PLGA NPs, the spectra obtained
were akin to the superimposition of the individual spectra of PTX, PLGA and 2-HP-β-CD. However, in the 2-
HP-β-CD/PLGA and PLGA NP spectra, the characteristic absorption peaks of PTX disappeared, indicating
that the PTX had been successfully encapsulated by PLGA, and that the unencapsulated PTX was mostly
removed through centrifugation. Moreover, compared with the plain PLGA NPs, the spectra of 2-HP-β-
CD/PLGA NP showed a broad absorbance between 3600 and 3250 cm-1, that corresponded to the
stretching vibrations of the hydroxyl (-OH) of 2-HP-β-CD.

In summary, the decrease in particle size and change of zeta potential, morphology, XRD spectra and FT-
IR absorption spectra, suggested that the NPs modi�ed with 2-HP-β-CD were successfully prepared. Since
both plain and modi�ed NPs with a MW of 10 k showed the most signi�cant differences in particle size,
ZP and EE%, they were selected for analysis in subsequent experiments.
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In vitro drug release pro�les
The controllable drug release of the NPs and their pH dependency were investigated at 37 ± 1℃ in 2%
SDS (pH 7.4, 6.4, and 5.0). As shown in Figure 6A, compared with the plain PLGA NPs, 2-HP-β-CD
modi�ed NPs exhibited smoother release curves and showed more sustained release characteristics at
pH 7.4. The release rates of the plain NPs were ~2-fold faster than those of 2-HP-β-CD/PLGA NPs during
the initial 12h (p<0.05). It is likely that at pH 7.4, PTX was released from the PLGA matrix and bound to
the outer 2-HP-β-CD shells [9]. The binding was likely mediated by interactions between PTX and the
hydrophilic hydroxyls and hydrophobic segments of 2-HP-β-CD in the outer layer of the NPs. In addition,
owing to the surface modi�cations of 2-HP-β-CD, the initial burst release of the NPs were reduced at all of
the three surveyed pH conditions, with the total drug release of plain NPs at 72 h typically higher than that
of 2-HP-β-CD modi�ed NPs. This may also prove the delay effects and drug control release capability of
2-HP-β-CD modi�ed NPs. Moreover, as shown in Figure 6B & C at pH 6.8 and 5.0, the drug release pro�les
of 2-HP-β-CD/PLGA NPs were notably faster than those of pH 7.4 (p<0.05) indicating excellent pH-
responsive properties for tumor delivery. 

In vitro Cytotoxicity
To evaluate the in vitro antitumor activity of the NPs, MTT assays were performed through the treatment
of A549 cells with free PTX, PLGA NP and 2-HP-β-CD/PLGA NP suspensions at a series of concentrations
(Figure 7). All tested preparations exhibited an obvious dose-dependent trend at both 24 h and 72 h post-
treatment. Cell growth was more signi�cantly suppressed at 72 h treatment than that of 24 h. Moreover,
free PTX groups exhibited the strongest toxicity at 24 h, which may have been due to the direct contact
between PTX and A549 cells as opposed to the slow release from NPs. Interestingly, although both plain
and modi�ed PLGA NPs exhibited similar cytotoxicity after 24 h of treatment, cell growth was more
extensively suppressed by the modi�ed NPs as opposed to free PTX at relatively higher concentrations (≥
1 μg/ml) in 72h treatment. The cytotoxic mechanisms of the drugs are complex, and are related to drug
release from the NPs and the cellular uptake e�ciency of NPs or released drugs. In this study, the
prepared NPs showed a relatively sustained drug-release rate. At lower doses (≤ 0.5 μg/ml), the NPs
exhibited lower cytotoxicity than free PTX. However, the cytotoxicity disparity between free PTX and NPs
was narrow at higher doses, with the cytotoxicity of 2-HP-β-CD modi�ed NPs surpassing that of free PTX
after 72 h of treatment. It is likely that the 2-HP-β-CD embedded nanostructure and the appropriate
particle size of 2-HP-β-CD/PLGA NPs increased their cellular uptake e�ciency, resulting in higher levels of
cytotoxicity after 72 h of treatment[23]. These �ndings were further assessed in cellular uptake studies.

Cellular Uptake study
To examine the effects of 2-HP-β-CD coating on the cellular uptake of NPs, �uorescently labeled PLGA
and 2-HP-β-CD/PLGA NPs were incubated with A549 cells for 2 h and imaged on a �uorescence inversion
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microscope. Since both plain and modi�ed NPs were based on PLGA cores, the initial levels of
�uorescence were comparable across the NPs. As shown in Figure 8A, 2-HP-β-CD/PLGA NPs showed
higher levels of cellular uptake than plain NPs, which was likely due to the latent reactivity of 2-HP-β-CD
with the plasma membrane or the smaller size of the modi�ed NPs.

These observations was further con�rmed by quantitative analysis using �ow cytometry. Considering the
sustained release pro�le of 2-HP-β-CD/PLGA NPs which may lead to a latent time-dependent cellular
uptake effect, cells were treated with free-RDM, plain PLGA NPs, and modi�ed NPs for 1, 2 and 8 h. As
shown in Figure 8B, cells incubated with free-RDM showed the highest �uorescence intensity after 1, 2
and 8 h of incubation, whilst plain and modi�ed PLGA NPs exhibited similar �uorescence intensities after
1 and 2 h of incubation. However, after 8 h, cells treated with 2-HP-β-CD/PLGA NPs showed the highest
�uorescence intensity (p<0.05), con�rming the additional contribution of 2-HP-β-CD. This corroborated the
cytotoxicity data described above.

Table 2. Pharmacokinetic pro�les following intravenous injection into Sprague-Dawley rats at doses of 20
mg/kg.

Parameters Commercial Taxol® PLGA NPs Modi�ed PLGA NPs

AUC (0-t) (μg·L-1·h-1)a 4596.44 ± 270.83 6546.45 ± 639.91 11072.20 ± 908.74

t1/2α (h) 0.41 ± 0.04 0.21± 0.03 0.29 ± 0.01

t1/2β (h) 0.48 ± 0.06 3.81± 1.47 13.06± 3.58

MRT (0-t) (h) 0.57 ± 0.08 0.98 ± 0.04 2.38 ± 0.12

Vz (L·kg-1) 3.29 ± 0.69 14.25 ± 0.39 27.22 ± 4.54

Cmax (ng·ml-1) 5707.64 ± 268.24 10928.19 ± 988.67 12338.43 ± 1374.31

aAbbreviations: PLGA, poly(lactide-co-glycolide); NPs, nanoparticles; 2-HP-β-CD, 2-hydroxypropyl-beta-
cyclodexrin; NPs, nanoparticles; AUC, area under the curve; MRT, mean residence time. bData are the mean
± SD (n=5).

Pharmacokinetic studies in rats
The pharmacokinetic pro�les of the NPs are shown in Figure 9, and relevant parameters are listed in
Table 2. As predicted, both plain and modi�ed NPs exhibited higher AUC values (1.4 and 2.4-fold higher,
respectively) and greater circulating effects than free paclitaxel (free PTX). As shown in Table 2, free PTX
showed the highest t1/2α values (0.41 ± 0.04 h) whilst plain and modi�ed NPs were similar (0.21± 0.03
and 0.29 ± 0.01 h, respectively). However, free PTX was rapidly eliminated and decreased to 0.055 μg/ml
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within 6 h of injection, leading to relatively lower t1/2β values. These results may be due to the fact that
free PTX can be rapidly transferred by glycoproteins and eventually metabolized by CYP3A enzymes,
resulting in a fast decrease in blood concentrations[24]. In addition, due to the EPR effect and hydrophilic
surface characteristics, the NPs could more easily accumulate in various tissues or organs[25,26].
Consequently, the in vivo circulating time of the NPs were signi�cantly prolonged than that of free PTX,
resulting in higher t1/2β and AUC values. Moreover, these pro�les (t1/2β and AUC value) of 2-HP-β-CD/PLGA
NPs were signi�cantly higher than those of the plain NPs (3.4 and 1.7 fold increase, respectively, p<0.05).
As shown in Figure 9, the blood concentrations of the PLGA NPs rapidly decreased 3 h post-injection, and
declined to 0.058 ± 0.002 μg/ml within 8 h of injection. In comparison, 2-HP-β-CD/PLGA NPs maintained
signi�cantly higher blood concentrations (≥0.252 ± 0.032 μg/ml, p<0.05) at 12 h post-injection. It is likely
that the hydrophilic surface modi�cations of 2-HP-β-CD could effectively reduce the adsorption of serum
proteins and further enhance the circulating effects of 2-HP-β-CD/PLGA NPs, resulting in an improved
bioavailability.

In vivo biodistribution
As shown in Figure 10A, the location of the �uorescence signal during the early stages of drug
metabolism for both NPs occurred in the liver and were determined by particle size. At 4 h post-injection,
the NPs mainly distributed to the kidneys and bladder, and were presumably excreted by the kidneys. Both
�uorescence labeled NPs rapidly distributed throughout the whole mice bodies of the mice, with 2-HP-β-
CD/PLGA NPs showing higher �uorescence intensities than plain NPs within 2 h of injection, indicating
that the modi�ed NPs have a higher Cmax pro�le than plain NPs. Moreover, the �uorescence intensity of
the PLGA NPs signi�cantly decreased after 4 h of injection, whilst those of 2-HP-β-CD/PLGA-NPs were
maintained at a relatively higher level, in agreement with the signi�cantly prolonged t1/2β pro�les of 2-HP-
β-CD/PLGA NPs in pharmacokinetic studies. This notably longer circulating effect of the modi�ed NPs
was attributed to the 2-HP-β-CD present in the surface of PLGA. That is, the higher proportion of hydroxyl
groups on the surface of 2-HP-β-CD further enhanced the surface hydrophilicity of PLGA, thus increasing
its ability to be recognized by RES, resulting in higher AUC values and excellent in vivo circulating times of
the 2-HP-β-CD/PLGA NPs.

In vitro visceral imaging of the mouse organs is shown in Figure 10B. The NPs concentrated in the liver
after 6 h of injection, which may have been due to their recognized by the RES and their passive targeting
to the liver. The �uorescence intensity of the 2-HP-β-CD/PLGA-NPs in liver tissue was weaker than that of
plain PLGA NPs. It is likely that the modi�ed NPs achieved "invisibility" by utilizing the hydrophilic coating
of 2-HP-β-CD, avoiding the scavenging effects of the immune system, prolonging in vivo circulation times.
Interestingly, at 6 h post-injection, the NPs showed �uorescent signals in the mouse lungs only when
surface-modi�ed with 2-HP-β-CD, suggesting that the 2-HP-β-CD/PLGA-NPs can act as drug carriers the
treatment of lung cancer.



Page 13/26

Conclusions
In this study, a novel PTX-loaded biodegradable material was established using a simple and feasible
method that optimized the particle pro�les, drug release processes and biological behavior of the NPs.
Firstly, we investigated the effects of 2-HP-β-CD coating and the MW of PLGA on the particle size, zeta
potential, and drug load e�ciency of the NPs. The results showed that the PLGA MW exhibited in�uenced
the nano-properties of the NPs, and that the 2-HP-β-CD-NPs differed according to MW due to steric
effects. In addition, 2-HP-β-CD modi�cations signi�cantly decreased the particle size and enhanced the
encapsulation e�ciency (EE%). The EE% of 2-HP-β-CD/PLGA NPs were 49.12% higher than that of plain
PLGA NPs, indicating that 2-HP-β-CD encapsulates certain levels of PTX, resulting in higher EE% values.
As the plain and modi�ed NPs with a MW of 10 k showed the most signi�cant differences in particle size,
zeta potential and EE%, they were selected for further assessments. The NP morphologies were con�rmed
by XRD and FT-IR, and the 2-HP-β-CD modi�cation led to superior drug release pro�les and higher cancer
cell speci�c toxicity. 2-HP-β-CD/PLGA NPs showed notable sustained-release properties at pH 7.4 with
drug release rates that were accelerated at pH 6.8 and 5.0, considered an appropriate pH-responsive
pro�le for tumor treatment. MTT assays showed that the 2-HP-β-CD surface modi�cations enhanced the
cytotoxicity of NPs to A549 cells, likely due to their smaller particle size. These results were further
con�rmed in cellular uptake studies. Furthermore, pharmacokinetic analysis showed that the 2-HP-β-
CD/PLGA NPs exhibited prolonged in vivo circulatory times and improved pharmacokinetic pro�les than
the PLGA NPs. At 6 h post-injection, only the modi�ed NPs were targeted to mouse lungs, highlighting 2-
HP-β-CD/PLGA-NPs as potential carriers for lung cancer treatment. On the basis of the drug release
pro�les reported above, we hypothesized that the combination of 2-HP-β-CD and PLGA were as follows:
after ultrasonication, the hydrophobic segments of PLGA in the organic phase were captured by 2-HP-β-
CD through supramolecular effects. Owing to their hydrophilic surface coating, these formerly
hydrophobic segments of PLGA became hydrophilic and partly or entirely embedded in the outer
hydrophilic nanostructure upon NP self-assembly. PTX was then encapsulated in the inner nanostructure
of the NP composed of hydrophobic segments.

In summary, we developed a simple and e�cient surface modi�cation strategy that can alter the particle
size, drug release pro�les, cellular toxicity and biological fate of NPs, improving their potential as drug
delivery systems for cancer therapeutics and diagnostics.

Abbreviations
PTX paclitaxel

PLGA poly(lactide-co-glycolide)

2-HP-β-CD 2-hydroxylpropyl-β-cyclodextrin

NPs nanoparticles



Page 14/26

MTT Methyl thiazolyl tetrazolium assay

EE% Encapsulation e�ciency

TEM Transmission electron microscopy

FT-IR Fourier transform infrared spectroscopy

SD rats Sprague-Dawley rats

AUC area under the curve

MRT mean residence time
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Figures

Figure 1

Schematic representation of 2-HP-β-CD/PLGA NPs.
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Figure 2

The effect of PLGA molecular weight on particle characteristics. (A) particle size, (B) zeta potential and
(C) entrapment e�ciency. Data are expressed as the means ± standard deviations (n=3). Abbreviations:
PLGA NPs, poly(lactide-co-glycolide) nanoparticles; 2-HP-β- CD/PLGA NPs, 2-hydroxypropyl-beta-
cyclodexrin modi�ed poly(lactide-co-glycolide) nanoparticles.
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Figure 3

Morphology of NPs observed under transmission electron microscopy. (A) Appearance of PLGA NPs; (B)
PLGA NPs TEM×12000; (C) PLGA NPs TEM×50000; (D) Appearance of 2-HP-β- CD/PLGA NPs; (E) 2-HP-β-
CD/PLGA NPs TEM×12000; (F) 2-HP-β- CD/PLGA NPs TEM×50000 Abbreviations: TEM, transmission
electron microscopy; PLGA NPs, poly(lactide-co-glycolide) nanoparticles; 2-HP-β- CD/PLGA NPs, 2-
hydroxypropyl-beta-cyclodexrin modi�ed poly(lactide-co-glycolide) nanoparticles.
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Figure 4

X-ray diffraction pattern of PLGA nanoparticles and 2-HP-β-CD/ PLGA nanoparticles. (A) PLGA NPs; (B) 2-
HP-β- CD/PLGA NPs ; Abbreviations: PLGA NPs, poly(lactide-co-glycolide) nanoparticles; 2-HP-β- CD/PLGA
NPs, 2-hydroxypropyl-beta-cyclodexrin modi�ed poly(lactide-co-glycolide) nanoparticles.
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Figure 5

Infrared spectrogram of PLGA nanoparticles and 2-HP-β-CD/ PLGA nanoparticles (A) PLGA NPs; (B) 2-HP-
β- CD/PLGA NPs ; Abbreviations: PTX, paclitaxel; PLGA NPs, poly(lactide-co-glycolide) nanoparticles; 2-
HP-β-CD/PLGA NPs, 2-hydroxypropyl-beta-cyclodexrin modi�ed nanoparticles.
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Figure 6

In vitro drug release pro�les of 2-HP-β-CD modi�ed NPs and naked PLGA NPs. (A) pH=7.4; (B) pH=6.8; (C)
pH=5.0 Data are expressed as the means ± standard deviations (n=3). Abbreviations: PLGA NPs,
poly(lactide-co-glycolide) nanoparticles; 2-HP-β-CD/PLGA NPs, 2-hydroxypropyl-beta-cyclodexrin modi�ed
nanoparticles.
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Figure 7

Viability of A549 cells cultured with free-PTX, PLGA NPs and 2-HP-β-CD/ PLGA NPs for 24 h (A) and 72h
(B). Data are expressed as the means ± standard deviations (n=3). Abbreviations: PTX, paclitaxel; PLGA
NPs, poly(lactide-co-glycolide) nanoparticles; 2-HP-β-CD/PLGA NPs, 2-hydroxypropyl-beta-cyclodexrin
modi�ed poly(lactide-co-glycolide) nanoparticles.

Figure 8

Biodistribution pro�les of Rhodamine-B loaded NPs. (A)Fluorescence inversion microscope system
images of A549 cells after incubation with naked PLGA NPs and 2-HP-β-CD modi�ed PLGA NPs for 2 h.
(B) Flow cytometry �uorescence intensity of free Rhodamine-B (free-RDM) and Rhodamine-B loaded NPs
incubated with A549 cells after 1h, 2h and 8h incubation. Data are expressed as the means ± standard
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deviations (n=3) Abbreviations: RDM, Rhodamine-B; DAPI, 4',6-diamidino-2-phenylindole; PLGA NPs,
�uorescence-labeled poly(lactide-co-glycolide) nanoparticles; Modi�ed PLGA NPs, �uorescence-labeled 2-
hydroxypropyl-beta-cyclodexrin modi�ed poly(lactide-co-glycolide) nanoparticles.

Figure 9

Pharmacokinetic pro�les after an intravenous injection to Sprague-Dawley rats at the dose of 20 mg·kg-1.
Data are expressed as the means ± standard deviations (n=6) Abbreviations: PTX, paclitaxel; Commercial
Taxol®, commercial paclitaxel injection; PLGA NPs, poly(lactide-co-glycolide) nanoparticles; 2-HP-β-
CD/PLGA NPs, 2-hydroxypropyl-beta -cyclodexrin modi�ed poly(lactide-co-glycolide) nanoparticles.
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Figure 10

In vivo imaging and biodistribution analysis after tail vein injection of RDM-loaded NPs. (A) Real-time
biodistribution imaging in mice. (B) In vitro visceral �uorescence imaging of mice organs after 6h post-
injection. Abbreviations: RDM-loaded NPs, Rhodamine-B-loaded nanoparticles; PLGA NPs, �uorescence-
labeled poly(lactide-co-glycolide) nanoparticles; Modi�ed PLGA NPs, �uorescence-labeled 2-
hydroxypropyl-beta-cyclodexrin modi�ed poly(lactide-co-glycolide) nanoparticles.
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