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ABSTRACT

Nanotechnology presents a modern field of science that in the last twenty-five years plays a dominant role in
the biomedicine. Different analytical methods are used for evaluation of the physico-chemical properties of
nanoparticles including chromatography, electrophoresis, X-ray scattering, spectroscopy, mass spectrometry,
zeta potential measurement and microscopy on which this article will focus.

Herein, we present novel application of the long-established TEM technique that is focused on characterization
and evaluation of various nanoparticles in development of drug delivery systems.

Transmission electron microscopy images were taken of samples from native nanoparticles, nanoparticles
labeled using stannous chloride labeling procedure, inorganic silica nanoparticles loaded with budesonide
and native micelles and micelles carrier of anticancer drug camptothecin. In the case of radiolabeled nano-
particles, beside for nanoparticle characterization, TEM technique was used to confirm the stability of the
nanoparticles after radiolabeling. Furthermore, the porous structure of hybrid silica particles loaded with
budesonide was examined under TEM.

Transmission electron microscopy technique offers exceptional benefits for nanoparticle characterization.
Additionally, the necessity of ultrastructural analysis demonstrates the potential of TEM in the field of na-
nomedicine. Hence, the long-established and well-known TEM has been only partially exploited and offer
researchers very detailed images of specimens at microscopic and nano scale.
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INTRODUCTION Great variety of nanoparticles with special ad-
vantage of those in the range 1-100 nm have been used
for research in different applications namely, for drug
delivery systems, contrast agents for in vivo imaging,
sensor for detection of cells or organic components in
living organisms and/or scaffolds in tissue engineer-
ing [4-6]. Nanoparticles can be made from different
materials covering the space between organic and in-

Nanotechnology presents a modern field of
science that in the last twenty-five years plays a
dominant role in the biomedicine e.g., development
of new drug delivery systems, diagnostic tools,

scaffolds and etc. [1-3]

Additionally, research in the field of biomed-
icine focused on nanoscience has been dramatically
increased which is proved with more than 60 000
published articles in qualified journals since 1995
and nowadays this discipline is known as nano-
medicine [4].

organic and various configurations between spheres,
rods, cubes, etc. The world of nanoparticles gets more
interesting since their surface can be functionalized
which allows them to target specific cell types [4, 7].

Different analytical methods are used for
evaluation of the physico-chemical properties of
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nanoparticles including chromatography, electro-
phoresis, X-ray scattering, spectroscopy, mass
spectrometry, zeta potential measurement and mi-
croscopy on which this article will focus.

Namely, transmission electron microscopy
represents one of the most valuable and powerful
technique for characterization of nanoparticles. Its
high resolution of structural details is considered es-
sential for example to obtain information regarding
the crystal structure and granularity of nanoparti-
cles [8]. TEM is considered indispensable method
for development of drug delivery systems since
one can also explore the possible alterations in the
morphology of the nanoparticle after incorporation
of drugs at different concentrations [3, 7-10].

Besides its irreplaceable role in characteriza-
tion of biological tissues, herein, we present novel
application of the long-established TEM technique
that is focused on characterization and evaluation
of various nanoparticles in development of drug
delivery systems.

MATERIALS AND METHODS

Materials

Uranyl acetate (Sigma Aldrich, Belgium),
Ethanol (Merck, Germany), Poly(vinyl) formal (Sig-
ma-Aldrich, Belgium), Chloform (Merck, Germany)
and MilliQ water was used. The Faculty of pharmacy
in Skopje, Macedonia developed different nanoparticles
covering different size range. Copper grid 100 mesh
(Sigma Aldrich, Belgium) covered only with formvar
or formvar/carbon was used for all TEM analysis. The
Faculty of pharmacy in Skopje, Macedonia developed
different nanoparticles covering different size range
[6, 10, 11]. Samples that were kindly provided cov-
ered poly (lactic-co-glycolic acid): poloxamer blend
amphiphilic nanoparticles, inorganic silica nanoparti-
cle loaded with budesonide samples and amphiphilic
poly(acryliacid)-poly(e-caprolactone)-poly(acrilac-
id) block copolymer carrier for 7-ethyl-10-hydroxy
camptothecin. Details of the preparation procedures
are described in details elsewhere (6, 10, 11) and are
not scope of this review.

Preparation of formvar film coated grids

25 mg polyvinyl formal was dissolved in 50
mL chloroform and was stirred for 24 hours on room
temperature. Before use, the solution was filtered and
placed in a container where clean-glass slide was in-

serted and was let to sit at least a minute. Afterwards,
the slide was removed from the container and filter
paper was used for complete drying. Slide edges
were scraped with a razor blade to loosen film. Grids
were placed onto the film with shiny side down.

Grid carbon coating and TEM imaging

Formvar film coated copper grids were addi-
tionally stabilized with carbon film that was applied
automatically under vacuum from 10 Pa to 0 Pa with
Carbon coater (Jeol JEC-530, AutoCarbon Coater, Ja-
pan). After drying, each sample was loaded into TEM
(JEM-1400, Jeol, Japan) attached to digital camera
(Veleta TEM Camera, Olympus, Germany) and con-
trolled by iTem software v.5.

Poly (lactic-co-glycolic acid): Poloxamer
blend amphiphilic nanoparticles were prepared using
modified nanoprecipitation technique and afterwards
were radiolabelled using stannous chloride and sodi-
um borohydride. Details of the preparation procedure
is described in details elsewhere [6].

Samples were stained with 2% uranyl acetate,
and then small volume (2 pl) was placed on 100-
mesh formvar coated copper grid with additional car-
bon film. The grid was set up on filter paper in order
to absorb excess solvent and dried under vacuum.

Budesonide loaded inorganic silica particles
were prepared by acetic acid catalyzed hydrolysis
and polycondensation of TEOS in ethanol/ water
mixture at room temperature, followed by spray
drying. Details of the preparation procedure is de-
scribed elsewhere [10]. The porous structure of the
samples was characterized using TEM. The sam-
ples were prepared by dispensing the particles in
MilliQ water followed by vigorous mixing. Then,
a small quantity of the particles dispersion (2puL)
was placed on coated copper grid (100 mesh) with
additional carbon film. The grid was placed on filter
paper (WhatmanTM 42, Austria) in order to absorb
excess solvent and air dried at ambient temperature.

Amphiphilic poly(acryliacid)-poly(e-caprol-
actone)-poly(acrilacid) block copolymer carrier for
7-ethyl-10-hydroxy camptothecin (micelles) were
prepared by nanoprecipation method which in details
is described elsewhere [11]. Samples of native mi-
celle solution were stained with 2% aqueous solution
of uranyl acetate and small amount (2uL) of each
sample was placed on formvar/carbon coated copper
TEM grid (100 mesh). Excess solvent was absorbed
using filter paper and the grid was allowed to dry in
a vacuum oven.
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RESULTS AND DISCUSSION

Transmission electron microscopy is consid-
ered to be among the most valuable tools and tech-
niques for detailed physicochemical characterization
of nanoparticles [1-11]. This is supported by pub-
lished literature, since during the last 20 years more
than 15 000 articles that deal with this subject prac-
tice TEM among other methods for characterization
[4]. Moreover, to add to the fact that TEM is invalua-
ble tool in nanomedicine, is that more than 7000 sci-
entific articles in the last 15 years use this technique
to explore the effects of nanostructures on biologi-
cal systems. Moreover, 2400 scientific articles were
published in the period of 2014 to 2016 [4].

Herein, we present TEM analysis on nano-
particles that have been performed in our laborato-
ry focused on drug delivery systems.

In the case of radiolabeled nanoparticles, be-
side for nanoparticle characterization, TEM tech-
nique was used to confirm the stability of the nano-
particles after radiolabeling. Hence, TEM imaging
of the sample was performed at the beginning and
at the end of SCLP.

TEM images clearly present that there
were not any changes in the spherical morpholo-
gy, smooth surface, and size of the nanoparticles
during the labeling procedure (Figure 1a). On the
other hand, presence of distinctive large irregular-
ly shaped particles of stannic oxide were identified
in the sample at the end of SCLP (Figure 1b) [6].
The black stains on the TEM images are artefacts
from the staining procedure with uranyl acetate and
the big white irregular circles are due to damaged
formvar caused by the high electronic voltage.

Figure 1. Transmission electron microscopy images
of native sample of the amphiphilic nanoparticles (a)
x200k magnification and after the SnCI2 radiolabeling
procedure %60k magnification (b)
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Figure 2. a) Inorganic silica particles x15k magnifica-
tion; b) hybrid silica particles x60k magnification

Other application of a TEM technique that
we are presenting herein that was analyzed in our
TEM laboratory is in a study of hybrid-silica-xe-
rogel particles that were developed as carriers of
budesonide for efficient local treatment of inflam-
matory bowel diseases [10] In this study, TEM was
utilized to analyze the shape and morphology of
the prepared inorganic silica and hybrid silica par-
ticles. Figure 2a is evidence for the uniform size of
the well-formed spherical shape and smooth sur-
face of the inorganic silica particles, whereas Fig-
ure 2b demonstrates the hybrid silica particles that
are slightly larger porous spheres [10]. These sam-
ples were not stained since the material gives good
contrast and therefore was nicely imaged by TEM,
moreover the inorganic material is much more sta-
ble under the high voltage used which did not cause
any damage to the formavar.

Figure 3. TEM images of loaded nanoparticles a)
stained with uranyl acetate older > 24h x120k magnifi-
cation b) stained with uranyl acetate prepared within 24
hours x 50k magnification

Additionally, TEM technique was used to
confirm the surface, the shape and the distribution
of the particles in the study that aimed to develop
self-assembled polymeric micelles for targeted de-
livery in tumor cells [11]. Figure 3a demonstrates
that the staining has to be prepared with uranyl ac-
etate freshly prepared or or in the time frame of 24
hours. Particles stained with fresh solution of uranyl
acetate are shown on Figure 3b. Authors used TEM
as confirmatory and added value technique to the
particle size analysis of the sample in the reported
research [11].

As shown by the TEM images presented in
this review, TEM constitutes a powerful technique
for the visualization of silica particles, liposomes
and other amphiphilic aggregates in the size range
from 50-500 nm. We would like to outline that
even though TEM present excellent method for
qualitative analysis, conventional methods for sam-
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ple preparation can meet a level of obstacles such
as varying film thickness, staining solution quality
as well as sorting mechanisms, which make quanti-
tative measurements difficult.

CONCLUSION

Nanotechnology is at the forefront of devel-
opment of novel materials from gold nanoparticles
for targeted delivery in cancer cells through car-
bon nanotubes in renewable energy (3, 4).

Despite nanoparticles’ diverse application,
the performance of all nanoparticles is defined by
the same physical properties, including particle
size, size distribution, shape, and surface feature.

Nanoparticle size characterization therefore
presents key step in nanotechnology research &
development and quality control (12). During the
development phase especially in pharmaceutical
industry, electron microscopy is one of the most
powerful tools for determining these critical per-
formance-defining attributes. This is in detail re-
flected by the US Food and Drug Administration’s
(FDA) recommendation of the technique in iden-
tifying and demonstrating the efficacy and safety
of innovator and generic drug submissions (12).

Transmission electron microscopy tech-
nique offers exceptional benefits for nanoparticle
characterization. Additionally, the necessity of
ultrastructural analysis demonstrates the potential
of TEM in the field of nanomedicine. Hence, the
long-established and well-known TEM has been
only partially exploited and offer researchers very
detailed images of specimens at microscopic and
nano scale.
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Pe3ume

TPAHCMUCUCKA EJJEKTPOHCKA MUKPOCKOIINJA:
HOBA IPUMEHA HA BOCITOCTABEHATA TEXHUKA BO KAPAKTEPU3ALIMJA
HA HAHOYECTHYKHU KAKO CUCTEMM 3A UCITIOPAKA HA JIEK

Mapuja Ilerpymescka', Kpucruna IlaBnoBcka’,
JoBanka JlackoBa?, [lanuye 3npaBKkoBcKkn’

! Menuuuacku ¢Gaxkyarer, MHCTUTYT 3a NPETKIMHUYKA U KIMHUYKA (HapMaKoJIOrHja U TOKCHKOJIOTH]a,
Ckomje, Makenonuja

? MenuuumHcku dakyaret, UucTutyT 3a maronoruja, Ckonje, Makenonuja

HanotexHonoruja npercraByBa HOBO MOJICPHO HAYYHO TI0JIE, KO€ BO MOCIICAHUTE 25 TONHH JJOMUHH-
pa Bo OmomenunuHaTa. Pa3nnyHu aHATMTHYKE METOIU C€ KOPUCTAT MPH eBaTyaryja Ha GU3NIKOXEMHUCKUTE
CBOjCTBa HA HAHOYECTHIINTE, BKITYIyBajKU TH TyKa: XpoMaTorpadwujara, enekrpodopesara, paclipcHyBambe Ha
peHATeH-3paIy, CIICKTPOCKOIHja, MaceHa CIICKTPOMETPH]ja, MEPEH-¢ Ha 3eTa-IIOTSHITH]aJI © MEKPOCKOITH]a.

Bo oBa uctpaxyBame ja mprKaxyBaMe HOBara arIMKalmja Ha 100po eradiupaHaTa TpPaHCMHECHCKa
€JIEKTPOHCKA MUKPOCKOITH]a, (POKYCHPajKH CE Ha KapaKTepHu3alirja U eBajlyallrja Ha pa3InyHd HAaHOUESCTUIIU
BO Pa3BOjoOT Ha (hapManeBTCKH JO3UPAHU POPMHU.

CnuKH o1 TPaHCMUCHUCKA €IEKTPOHCKAa MUKPOCKOITH]ja Oea 3eMEHH O/ CJISITHUTE IPUMEPOLIN: HATUBHU
HAHOUYECTHUIY, HAHOUSCTHIIU PAIMOAKTUBHO 03HaueHu co SnCl2, HeOpraHCKHM CUITMKA HAHOYECTUIIH ITOJTHETH
co Oy/Ie30HU/], HATUBHHU MUIICIIA U MULICIIM HOCAYH HA aHTUKAHIIEP CYIICTaHIIMja — KaMIToTeKuH. [Tokpaj
KapakTepu3alujara Ha HaHouectuire, TEM Oellie KOpUCTEH 3a MOTBP/ia Ha CTA0WIIHOCTA Ha PaIMAKTHBHO
03HAYCHHUTE HAHOYECTHUIIM BO Criopenda co HaTUBHUTE HaHodecTHU. JlononHuTenHo, texuukata TEM
Oellie KOPUCTEHA 3a MPOYYYBaE HA TIOPO3HATA CTPYKTYPa HA XUOPUIHUTE CUIIMKA HAHOUYCCTHUIU, HOCAYH
Ha Oy/ie30HUI, BO criope/ida co CTPYKTypaTa Ha HATUBHUTE HEOPraHCKH CHUJIMKA HAHOYECTHIIH.

TpaHcMHCHCKaTa €IEKTPOHCKA MUKPOCKOIH]ja IPETCTaByBa TEXHUKA O UCKITYYUTEIHO 3HAUCHE IPU
KapakTepu3alnja Ha HAHOYECTHLIUTE, 0cOOCHO BO (hapMmaleBTCKaTa MHAYCTpHja M BO HaHOMeauLuHaTa. Co
0BOj TPYJ cakaMe J1a ja MoTeHIMpaMe uaejara aexa rexaukara TEM e camo mapumjaiHo excrioaTupaHa u
Taa UM HyJH Ha UCTPaKyBauUTe JAETaJlHA CIIUKA HA YATPACTPYKTypaTa Ha IPUMEPOLIMTE BO MUKPOCKOIICKO
1 HAaHOHUBO.

Kayuynu 300poBHM: HAaHOYECTHIINA, TPAHCMUCHUCKA EIEKTPOHCKA MHKPOCKOIHU]ja, (hapManeBTCKU
Jo3upanu GopMu



