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Abstract

Nanomachines activated by a pH change can be combined with polymer coatings on mesoporous
silica nanoparticles to produce a new generation of nanoparticles for drug delivery that exhibits
properties of both components. The nanovalves can trap cargos inside the mesoporous silica
nanoparticles without premature release and only respond to specific stimuli, resulting in a high
local concentration of drugs at the site of release. The polymer surface coatings can increase the
cellular uptake, avoid the reticuloendothelial uptake, provide protected space for storing SiRNA,
and enhance the biodistribution of nanoparticles. Two nanovalve-polymer systems are designed
and their successful assembly is confirmed by solid state NMR and thermogravimetric analysis.
The fluorescence spectroscopy results demonstrate that the controlled release functions of the
nanomachines in both of the systems are not hindered by the polymer surface coatings. These new
multifunctional nanoparticles combining stimulated molecule release together with the
functionality provided by the polymers produce enhanced biological properties and multi-task
drug delivery applications.

1. Introduction

Over the past decade, mesoporous silica nanoparticles (MSN) have become a promising
platform for therapeutic applications.: 2 Benefitting from the high surface area, large pore
volume, nontoxicity and well-developed silanol chemistry derivatization, a variety of
surface and interior modifications have been applied to MSN to perform on-demand drug
delivery, fluorescence imaging and active targeting.3 4 Among the various
functionalizations of MSN,>-8 multiple methods have been developed to fulfill the on-
demand release of payloads, including nanomachine constructions,’: @ nanocrystal
cappingst? and macromolecule cappings.! For nanomachine constructions, the pore
openings of mesoporous structure are blocked by functional groups that have variable
binding under different conditions. Upon applying external or internal biological stimuli
such as light, magnetic field, pH change or redox change, the pore openings can be readily
closed or opened and therefore provide a smart drug delivery system that operates in a
controlled fashion.> 612,13

In addition to molecular capping agents, various surface coating agents such as polymers
and lipid bilayers14-18 have been applied to mesoporous silica nanoparticles to introduce
unique functions or to optimize their biological behavior. One example involves grafting
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polyethylene glycol on MSN surface in order to avoid uptake by the reticuloendothelial
system, increase its blood circulation time and improve its biodistribution properties.19: 1819
Moreover, the surface coating agents can provide useful storage space for carrying large
molecules such as small interfering RNA (siRNA) and DNA molecules to conduct gene
therapies.14 16: 20 |t would be ideal if the surface coatings could be incorporated with the
controlled-release capping systems to deliver both nucleic acids and small therapeutic
molecules simultaneously, presenting a multi-functional delivery platform with enhanced
biological properties.

In this study, we investigate for the first time whether the surface coating strategy is
compatible with the controlled-release systems. Two polymer coated MSN models were
incorporated with pH responsive nanovalves to examine the functionality of the
nanomachines in the combined system. The first model is based on 120 nm MSNs with an
acid-responsive nanovalve and a small molecular weight polyethylene imine (PEI) coating
(Figure 1A). The nanovalves are bonded on the silica surface, and keep the nanopores closed
under neutral pH but open them when pH is decreased.12 A 1.8 kDa PEI is utilized in this
model due to its efficiency in delivering siRNA with minimal cytotoxicity and enhanced
cellular uptake.14 16: 20 As for the second model, 50 nm MSNs with polyethylene imine-
polyethylene glycol (PEI-PEG) co-polymer coatings were combined with a nanovalve that
opens at pH 5 (Figure 1B). The 50 nm sized MSN with PEI-PEG copolymer coating has
demonstrated excellent properties in delivering drugs at in vivo levels with a high passive
accumulation rate at the tumor site, thanks to the enhanced permeability and retention effect
(EPR effect).15 To optimize the delivery capacity of anticancer drugs, it would be ideal to
incorporate a controlled release nanomachine. Therefore, a nanovalve that opens at pH 5 is
employed, and together with the co-polymer coated MSN, is chosen as the second model for
examining the operations of nanomachines with the polymer coating. We demonstrate for
the first time that through proper design, the nanomachines can be integrated into the
polymer coated MSN system, and are capable of releasing the cargos inan on-demand
fashion.

2. Experimental Section

Materials

Cetyltrimethylammonium bromide (CTAB) (95%, Aldrich), Pluronic F127 (Aldrich),
Tetraethyl orthosilicate (TEOS) (98%, Aldrich), polyethyleneimine (PEI) (1.8kD, Aldrich),
4-(dimethylamino) pyridine (99% Aldrich), N,N’-disuccinimidyl carbonate (95%, Aldrich),
poly(ethylene glycol) methyl ether(m-PEG) (MW 5kD, Aldrich), toluene(99.5%, Aldrich),
methanol (99.9%, Firsher), N,N-Dimethyl formamide (DMF) (anhydrous, 99.8%, Aldrich),
triethylamine (99.5%, EMD), ethanol (200 proof, Pharmaco-AAPER), N-
phenylaminopropyl trimethoxysilane (PhAPTMS) (95%, Gelest), 3-
iodopropyltrimethoxysiliane (IPTMS) (95%, Gelest), p-anisidine (99%, Aldrich),
bisBenzimide H 33342 trihydrochloride (Hoechst 33342) (97%, Aldrich), a-cyclodextrin (a-
CD) (98%, Aldrich), 3-(trihydroxysilyl)propyl methylphosphonate monosodium aqueous
solution (42%, Aldrich), Phosphate-Buffered Saline (PBS) (pH 7.4, Invitrogen). All
chemicals were reagent grade and used without further purification or modification.

Characterization

Transmission electron microscopy (TEM) was carried out on a JEM1200-EX (JEOL)
instrument. UV-vis spectra were collected by a Cary 500 UV-vis-NIR spectrophotometer.
The release profiles were recorded by an Acton Spectra Pro 2300i CCD. 13C CPMAS NMR
spectra were obtained by a Bruker DSX-300 MHz Spectrometer with a 4 mm double
resonance Bruker probe head. Ziconium oxide 4 mm rotors were used with Kel-F caps.
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Thermogravimetric analysis (TGA) was performed by a Pyris Diamond TG/DTA (Perkin-
Elmer Instruments). N, adsorption-desorption isotherms were collected on a Quadrasorb SI
surface area analyser and the BET model was used to calculate the surface areas. The X-ray
powder diffraction (XRD) was performed on a Panalytical X Pert Pro Powder X-ray
Diffractometer (CuKa radiation).

Synthesis of MSN

The first system based on the “large” 120 nm MSN with PEI coating is denoted as the LPEI
group. The second model using the smaller 50 nm MSN with the PEI-PEG co-polymer is
called the SPEIPEG group.

The mesoporous silica nanoparticle for the LPEI group was synthesized according to a well-
established procedure.2 4 ¢ CTAB (250 mg) was added into H,O (120 mL) with NaOH
solution (875 pL 2M). The solution was then heated to 80 °C and maintained at the
temperature for half an hour before TEQOS (1.2 mL) was added slowly into the solution with
vigorous stirring. After 20 min, 3-(trihydroxysilyl)propyl methylphosphonate (300 pL) was
added and the reaction was kept at 80 °C for another two hours. The synthesized particles
were collected and washed with water and methanol. To extract the templating agents, the
particles were suspended in methanol (60 mL) with concentrated HCI (2.3 mL) and refluxed
at 60 °C overnight. The as-synthesized particles have a lattice distance of about 4.1 nm and
the pore size of the mesoporous structure is ~ 2.2 nm.

The synthesis of smaller-sized mesoporous silica nanoparticles was slightly different.1>
Pluronic F127 (200 mg) was dissolved in the H,O solution together with CTAB and NaOH.
It was then heated to 80 °C for 30 min before TEOS (1.2 mL) was added. After 20 min, 3-
(trinydroxysilyl)propyl methylphosphonate (300 j.L) was added and the reaction was kept at
80 °C for two hours before centrifugation and washing.

LPEI Surface Modification

For the attachment of nanomachine stalks in LPEI-1 and LPEI-3, the thread molecule
PhAPTMS was directly bonded to the silica surface by reacting with the particles in
toluene.12 PhRAPTMS (30 piL) was added into 100 mg particles in toluene (10 mL). It was
then heated to 75 °C and refluxed under nitrogen gas at for 24 h. The aniline-modified
particles were then washed and dried for later use.

The polymer coating was applied for both LPEI-2 and LPEI-3. As-prepared particles (50
mg) with (LPEI-3) or without the nanomachine stalk (LPEI-2) were dissolved in methanol
(5 mL) and mixed with PEI ethanol solution (1.8 kD, 5 mL, 2.5 mg/mL) for half an hour.
The coating procedure was repeated before washing with ethanol and water.

SPEIPEG Surface Modification

The nanomachine stalk molecule for SPEIPEG-1 and SPEIPEG was synthesized by reacting
p-anisidine (0.123g), IPTMS (40 pL) and triethylamine (420 pL) in toluene (15 mL) at 75
°C under N, gas for 24 h. As-synthesized small particles (100 mg) in toluene (15 mL) were
added into the stalk solution and reacted at 75 °C under N gas for 24 h. The thoroughly
washed particles were then suspended in H,O (120 mL) and methanol (120 mL) with
NH4NO3 (0.8 g) to remove the surfactants Pluronic F127 and CTAB, prior to washing and
drying. Since SPEIPEG-2 is not decorated by nanomachines, only the surfactant extraction
part was performed.

The PEI-PEG co-polymer coating for SPEIPEG-2 and SPEIPEG-3 was performed by
electrostatically absorbing PEI onto the silica surface and reacting with the activated m-
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PEG.*15 Particles (50 mg) after surfactant extraction were mixed with PEI ethanol solution
(1.8 kD, 5 mL, 2.5 mg/mL) for half an hour. This step was repeated again and the particles
were reacted with activated m-PEG (250 mg) in DMF (5 mL) for 24 h before centrifugation
(15000 rpm, 30 min) and washing.

Cargo Loading and a-CD Capping

Cargo loading was carried out by suspending as-prepared particles (20 mg) in Hoechst
33342 solution (2 mL, 1mM buffered water solution) for 24h. Nanomachine stalk-modified
samples were added with a-CD (40 mg) and stirred for another 24 h to cap the nanovalves.
All samples were washed repeatedly with PBS buffer to remove dye molecules on the silica
surface and polymers.

Time-resolved Fluorescence Spectroscopy Release Profile Measurements

Dye loaded sample (4 mg) was weighed and carefully placed in a corner of a cuvette before
PBS (6 mL) buffer was added. A 376 nm excitation laser beam was used to excite the
emission of Hoechst 33342, and the solution fluorescence spectra were recorded
continuously by a spectrophotometer. After collecting a baseline, the solution pH was tuned
to 3.5 in the case for LPEI and 5 in the SPEIPEG group to activate the acid nanovalves.
Upon the completion of cargo release, the UV-vis absorption spectrum of the supernatant
was measured and the dye concentration was calculated using Beer’s law. The mass of cargo
molecules being released was obtained and the corresponding weight percent of cargo to the
particle was calculated.

3. Results and Discussion

Two polymer-nanomachine combined systems are studied in this paper. The first system is
based on the 120 nm MSN with PEI coating and an acid nanovalve that opens at pH 3.5.
This model is denoted as the LPEI group and a scheme is shown in Figure 1A. The particles
used in the second system are about 50 nm in diameter with the PEI-PEG co-polymer. An
acid nanovalvel? that operated at the pH of lysosomes?! in the in vitro study is utilized as
the nanomachine. This system is called as SPEIPEG group and is illustrated in Figure 1B.

3.1. Design and Nanomachine Operation of LPEI group

3.1.1 System Construction—For the purpose of comparison, three samples were
synthesized in the LPEI group. As shown in Figure 2A, LPEI-1 has only the nanomachine
construction on MSN, LPEI-2 is PEI coated MSN without any nanomachine attachment, and
LPEI-3 is the fully-assembled system which has both the nanomachine modification and the
PEI polymer coating. LPEI-1 is used in order to estimate the nanomachine performance, and
LPEI-2 is used as a control. The synthesis procedures for the derivatized nanoparticles are
also illustrated in Figure 2.

In the LPEI group, the nanomachines are composed of two parts: a bulky cyclodextrin
moiety and an aromatic amine “stalk”. The stalk is covalently bonded to the silica surface
via silanol reaction and the cyclodextrin cap is threaded onto the stalk. The host-guest
binding constant between the stalk and the cyclodextrin molecule varies under different pH
and renders a functional nanomachine next to the mesopore opening.22 At neutral pH, the
cyclodextrin encircles the stalk via a supramolecular interaction, blocks the pore entrances
and retains the cargo. When the environment is acidified, the binding constant significantly
decreases, resulting in the dissociation of cyclodextrin from the stalk and the release of
payloads from pore openings.12

Nanoscale. Author manuscript; available in PMC 2014 November 07.
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The PEI polymer coating is achieved by electrostatic interactions and hydrogen bonding
between the polymer and the phosphonate-modified silica surafce.23 The negatively charged
phosphonate groups are attached to the MSN surface by the silanol condensation of 3-
(trinydroxysilyl)propyl methylphosphonate. The PEI chosen for this study has a molecular
weight of about 1.8 kDa, because it maintains the effective nucleic acid delivery capacity
and no toxicity was observed due to the low molecular weight.1® The abundant amine
groups on PEI provide positive charges that are utilized to electrostatically attract and hold
the polymer on the negatively charged MSN surface.

3.1.2. Characterization—The successful attachment of nanovalve stalks in LPEI-1 and
LPEI-3, and the polymer coatings on silica particles in LPEI-2 and LPEI-3 are verified

by 13C CPMAS NMR (Supporting Information S1). The characteristic peaks from the
substituted alkane groups on the PEI and the aromatic carbons on the nanovalve stalks are
both observed in LPEI-3. Moreover, the thermogravimetric analysis was performed and the
PEI polymer part is 16.4 wt. % of the LPEI-3 sample (TGA, Table 1). We calculated that the
total polymer surface area is much larger than that of the silica nanoparticles, which suggests
that the PEI polymers have a full coverage on the MSN surface (Supporting Information).

Transmission electron microscopy (TEM) images of these MSNs were collected and no
major morphology difference was observed after surface modifications. Figure 3A shows
the TEM picture of typical 120 nm MSNs without any surface decoration. Figure 3B is the
TEM picture of LPEI-3 that has both the PEI coating and the nanomachine modifications. In
LPEI-3, the particles have maintained the porous structure and the overall morphology is not
changed. The particles exhibit slightly mottled surfaces compared to those of the bare
particles, which is attributed to the PEI polymer coating. The N, adsorption —desorption
isotherms and X-ray powder diffraction spectra were collected to confirm the porosity of the
nanoparticles (Supporting Information).

3.1.3. Nanomachine Operation Test—A time-resolved fluorescence spectroscopy
method was employed to test the operation of nanovalves in the presence of the PEI
coating.>~"+ 12 In brief, the particles were suspended in 1mM Hoechst 33342 solution for two
days to load the mesopores with fluorescent dyes. The a-cyclodextrin cap was then added
into the solution to cap the nanovalves, close the pore openings and trap the loaded cargos.
The particles were then thoroughly washed to remove the dye molecules absorbed on the
particle surfaces or in the polymer coatings. Dried particles were then placed in a corner of a
cuvette and PBS was gently added. This solution was stirred slowly to avoid disturbing the
MSNSs. The fluorescence intensity of the aqueous solution was recorded continuously to
monitor the amount of dye molecules diffused into the solution as the pH varies. Upon
finishing the release experiment, the UV-Vis absorption spectrum of the supernatant
solution was collected and the absolute amount of released cargo was calculated by Beer’s
law. The recorded fluorescence intensity was converted to the corresponding concentration
of dye molecules in the solution, generating the release profile in Figure 3.

As shown in Figure 3C, the release profile of nanovalve-modified MSN with PEI coating
(red curve LPEI-3) is similar to that of the sample with the nanovalve alone (blue curve
LPEI-1). Under neutral pH, the concentration of fluorescent dye molecules in the solution
was negligible because the nanomachine was closed. Upon tuning the pH to 3.5 by adding
dilute HCI, both samples showed an obvious increase of fluorescent dyes in the supernatant
solutions as a result of nanomachine opening. The increasing trend continued for several
hours until the diffusion out of the pores was complete. This pH-stimulated release character
of LPEI-3 shows that the existence of the PEI polymer does not hinder the nanomachines
from opening and releasing the cargo.

Nanoscale. Author manuscript; available in PMC 2014 November 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dong et al.

Page 6

A control experiment was carried out in order to further prove that the cargo release in
LPEI-3 is induced by the nanomachine operation. A PEI polymer coated sample without
nanomachine modification was tested under the same conditions (Figure 3C, black
curveLPEI-2). In this release profile, only a very weak fluorescence intensity change was
detected upon acidifying the solution. It was caused by the small amount of dye that was not
washed out of the polymer coating. This implies that the large quantity of released cargo
observed in the combined system (LPEI-3 red curve) was a result of nanovalve operation
and proves that the nanomachine functioning was not interfered with the PEI surface
coating.

3.2. Design and Nanomachine Operation of SPEIPEG group

3.2.1. System Construction—The SPEIPEG group employs the PEI-PEG co-polymer
coated 50 nm MSN with a nanovalve that opens at pH 5. The PEI-PEG coated small MSNs
have demonstrated enhanced biodistribution and biodispersibility properties at an in vivo
level.15 The acid nanovalve with an operational pH close to the lysosomal pH is added in
this system.12 The nanovalve stalk has a methoxy group on the end and has a higher pKa
value, that leads to the higher operational pH.

Similarly to the LPEI group, three samples were synthesized in the SPEIPEG group.
SPEIPEG-1 has only the nanomachine modification, SPEIPEG-2 has only the PEI-PEG
coating, and SPEIPEG-3 has both the nanomachines and the co-polymer coating. For the co-
polymer decoration, the PEI component was absorbed onto the particles and the PEG part
was grafted onto PEI via an N-hydroxysulfosuccinimide (NHS) ester coupling reaction
(Figure 2B).15 The PEI part offers electrostatic repulsion between nanoparticles, and the
PEG part serves to sterically separate them. Both effects contribute to the excellent dispersal
in biological environments.1% 24 As for the nanovalve attachment, the stalk was synthesized
separately before bonding to the silica surface via silanol chemistry (Figure 2C).

3.2.2. Characterization—The successful modification of MSNs with the nanomachines
and the co-polymer was confirmed by 13C CPMAS NMR (Supporting Information S1) and
TGA (Table 1). Both the substituted alkanes of the co-polymer and the aromatic carbons on
the nanovalve stalks were presented in the solid state NMR spectrum of SPEIPEG-3. The
TGA results indicate that about 8.3 wt.% of the SPEIPEG-3 is composed of the co-
polymers. With a similar method as that of the LPEI-3, the surface area of the polymers in
SPEIPEG-3 is calculated (Supporting Information). Since it is much larger than that of the
silica nanoparticles, the PEI-PEG copolymer has a good coverage on the nanoparticle
surfaces.

Figure 4A shows the TEM images of bare 50 nm silica particles and Figure 4B is the fully-
assembled nanoparticles that have both the PEI-PEG co-polymer coating and nanomachine
construction. The TEM images show that the particle morphology was not changed by
surface modifications. Particle porosity was verified by N, adsorption-desorption and
powder XRD (Supporting Information).

3.2.3. Nanomachine Operation Test—The same method of time-resolved fluorescence
spectroscopy described previously is applied to investigate the functionality of nanovalves in
this integrated system. As illustrated in Figure 4C, the fully-assembled system with both the
PEI-PEG co-polymer and nanomachine construction (red curve SPEIPEG-3) shows a
release profile similar to that of the sample that has only the nanovalve modification (blue
curve SPEIPEG-1). The nanomachines were able to keep the pore openings closed under
neutral pH and open them under acidic conditions, even in the presence of the polymer
coating. The sample with only copolymer coating is used as a control (black curve

Nanoscale. Author manuscript; available in PMC 2014 November 07.
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SPEIPEG-2) and a much smaller dye amount change was observed after solution
acidification. These results are consistent with those of the LPEI group. The pH-stimulated
dissociation of cyclodextrin can occur even in the presence of surface polymer coatings, and
the nanovalves remain fully operative in the combined system. The investigation of two
polymer-nanomachine systems shows that the bulky polymer coating does not sterically
hinder the operation of nanovalves, nor does it stop the release of payload molecules. The
polymer moiety is loosely collapsed on the silica surface and does not prevent the movement
of cyclodextrins or small molecule dyes. Apart from the steric effect, because the pKa of
amine groups on PEI is higher than that of the aromatic amine groups on nanovalve stalk,2
the protonated amine groups on PEI will not interact with a-CD during the capping process
and thus render no direct influence on the nanomachine operations.

The polymer coating does have an effect on the diffusion rate of the cargo, as well as on the
total amount of the cargo that is released from the particles. As shown in Figure 3C and 4C,
the combined systems (the red curves) showed slightly reduced release capacities and faster
initial release rates when compared to the nanomachine samples without polymer coatings
(the blue curves). The reduced release capacity is due to the fact that both the PEI polymer
and the cargo molecule Hoechst 33342 carry positive charge.® 26 In the loading process, the
PEI polymer produces an electrostatic repulsion force to the positively-charged Hoechst
molecules. The dye molecules were able to diffuse into the pore structures due to the
concentration gradient, but the total amount of dyes stored in the particles was reduced. We
have observed similar effects on the loading capacity when the silica surface was derivatized
with functional groups.8: 26 On the other hand, the faster initial release rate in the combined
system is surprising. We observed a similar increase in facilitated payload release when
ammonium modified MSNs were used to deliver positively-charged doxorubicin. It was
attributed to the electrostatic interaction between the charged cargos and the silica surfaces.®
Whether or not the same mechanism applies to the phenomena in the polymer-nanomachine
systems is still under investigation.

4. Conclusions

In conclusion, we have combined two nanovalves with two types of coating polymers to
demonstrate that the polymer coated on the MSN surface will not interfere with the on-
demand release function of nanovalve-modified silica particles. The nanomachines are pH-
sensitive nanovalves that operate under acidic conditions, and the two polymer coatings both
have showed advanced biological applications either in SiRNA delivery or in improving
biodistribution of silica particles. Even with the polymer absorbed on the silica surface, the
pore openings were kept closed by the nanomachines under neutral pH and opened upon
acidification, as in the case of nanomachine alone. This finding offers a new strategy in
introducing featured polymers into functionalized-nanomachine systems for enhanced
biological properties and multi-task drug delivery applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Depictions of the two fully-assembled polymer-nanomachine systems (LPEI group 1A,
SPEIPEG group 1B) based on mesoporous silica nanoparticles. In the LPEI group, the
particles are about 120 nm in diameter and the polymer coating is PEI. The nanomachine
stalk structure is shown on the right side of the particle. In the SPEIPEG group, the particle
size is about 50 nm and a PEI-PEG co-polymer is coated on the particle surface. For both of
the groups, Hoechst 33342 is the cargo for the release study and the a-cyclodextrin is used
as the cap on the two types of stalks.
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Synthesis procedures and sample names for the LPEI group (2A). LPEI-1 has only the
nanomachine modification, LPEI-2 has only the PEI surface coating, and LPEI-3 has both.
Similar naming is used for the SPEIPEG group: SPEIPEG-1 has only the acid nanovalve,
SPEIPEG-2 has only the PEI-PEG coating, and SPEIPEG-3 has both the nanovalves as well
as the PEI-PEG co-polymer coating. In the SPEIPEG group, the overall synthesis steps are
similar to that of the LPEI group, only that the polymer and nanovalves used are different.
The detailed synthesis steps for the PEI-PEG co-polymer and the nanovalve stalk are shown
in Figure 2B and Figure 2C respectively.
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Fig. 3.

TEM images of particles without surface modifications (3A) and with both nanomachine
and polymer modifications (3B). No major morphology or structural difference is observed
after the surface modifications were applied. 3C shows the release profiles of the LPEI
samples. Particles were kept in a neutral solution before acidification. No cargo leakage was
observed under neutral pH and a large amount of cargo was released upon pH change in
LPEI-1 and LPEI-3. The release amount is the weight percentage of the released cargos over
the nanoparticles.
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TEM images of particles without surface modifications (4A) and with both nanomachine
and PEI-PEG co-polymer modifications (4B). The scale bar is 50 nm for the inset TEM

images. The images show similar particle morphology and dispersibility. 4C shows the
release profiles of the SPEIPEG group. The nanomachines in SPEIPEG-1 and SPEIPEG-3

were maintained closed under neutral pH and were opened upon pH change, releasing the

cargos. For SPEIPEG-3, the release was complete at 6 hours. The release amount is the

weight percentage of the released cargos over the nanoparticles.
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Table 1

TGA results of the LPEI group (top) and the SPEIPEG group (bottom) confirm the nanomachine stalk
modifications and the full coverage of polymer coatings.

LPEI-1 LPEI-2 LPEI-3
Organic  Part (wt%) 14.8 225 31.2

SPEIPEG-1 SPEIPEG-2 SPEIPEG-3
Organic  Part (wt%) 23.1 255 31.3
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