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5 ABSTRACT: The ability to monitor the cellular uptake and
6 distribution of engineered nanomaterials is a basic requirement in
7 nanomedicine and nanotoxicology. This is commonly achieved by
8 using optical and electron microscopies. Optical microscopy allows
9 for easy sample preparation and live cell imaging but is inherently
10 limited in resolution to typically hundreds of nanometers, making it
11 unsuitable for detailed investigation of nanoscale objects. On the
12 other hand, electron microscopy allows for imaging with subnan-
13 ometer resolution but requires a dedicated sample preparation that is
14 usually destructive and can be cumbersome and costly. Here we
15 demonstrate direct imaging of engineered nanomaterials in biological
16 cells under preservation of cellular ultrastructure by means of
17 environmental scanning electron microscopy (ESEM) and wet
18 scanning transmission electron microscopy (wet-STEM). Specifically, we outline protocols for imaging fully hydrated cells on
19 glass slides or TEM grids, requiring no prior processing steps. This enables high-throughput analysis of structurally uncompromised
20 biological samples with nanometer resolution by using a minimal electron dose (<1 e−/Å2) at low electron energy (≤30 keV). Here
21 we refer to these cells as “intact”, which should not be interpreted as “alive”, although the cells are alive before being exposed to the
22 electron beam. Our approach can be a viable alternative to the established electron microscopy methods for cellular imaging.

23 ■ INTRODUCTION

24 In recent years, we have witnessed remarkable developments in
25 the field of engineered nanomaterials (ENMs), including
26 prospects of successfully interfacing biomedicine with materials
27 science.1 Nanoparticle−biostructure hybrid systems are of
28 great interest for in vitro and in vivo biomedical applications.2,3

29 Ordered ensembles of nanoparticles with emerging collective
30 properties are also beginning to play a role in the biomedical
31 sciences.4,5 In particular, nanoscale gold has long been a focal
32 point in biomedical research due to its high contrast, chemical
33 stability, low toxicity, and ease of production.6−10 Furthermore,
34 gold nanoparticles can easily be functionalized with biocom-
35 patible ligands that can facilitate their uptake into living cells
36 by endocytosis.11−18 Once present inside the cells or
37 surrounding tissue, nanoscale gold can serve a variety of
38 purposes including diagnostics, drug delivery, cell tracking,
39 DNA tagging, photothermal and photodynamic therapy,
40 radiation dose enhancement, and advanced surgery.19−37

41 Alongside the many predicted beneficial applications of
42 ENMs, there is also a growing concern about potential negative
43 impacts of ENMs present in our environment.38−40 The ability
44 to quickly and accurately acquire direct visual information
45 about the fate of nanomaterials taken up by cells and tissues is
46 thus highly desirable. Traditionally, biological materials have

47been observed by noninvasive optical microscopy. This
48approach is still the standard method for their examination,
49anywhere from hospitals to research laboratories. However, the
50fundamental diffraction limit of light microscopy prevents
51detailed optical observations with nanometer resolution. Newly
52developed optical super-resolution techniques have managed
53to surpass this theoretical limitation, but their resolution is still
54on the order of tens of nanometers,41 which is often
55insufficient for the detailed imaging of intracellular ENMs.
56On the other hand, electron microscopy (EM) is a proven
57technique routinely used for the investigation of nanoscale
58objects, allowing for detailed structural and chemical
59information at a subnanometer level. Because conventional
60EM requires analysis of specimens in high vacuum, hydrated
61biological materials are not suitable for direct imaging.

Received: October 20, 2021
Revised: November 26, 2021

Articlepubs.acs.org/JPCC

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jpcc.1c09104
J. Phys. Chem. C XXXX, XXX, XXX−XXX

cxs00 | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.1.i3:5008 | 2.1) 2021/07/12 08:51:00 | PROD-WS-116 | rq_7426961 | 12/03/2021 13:25:11 | 11 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Domagoj+Belic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oihane+Fragueiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dina+Salah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alison+Beckett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Volk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathias+Brust"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c09104&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09104?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


62 To overcome this drawback, two methodological approaches
63 are commonly used when dealing with EM of biomaterials:
64 preparation of samples by fixation−staining−embedding−
65 sectioning protocols for conventional EM42 or vitrification of
66 samples for cryo-electron microscopy (cryo-TEM).43 In
67 addition, over the past few years, a couple of more
68 sophisticated imaging methodscorrelative light-electron
69 microscopy (CLEM) and liquid-cell electron microscopy
70 (LCEM)have emerged as a very appealing approach for
71 studying nanoscale objects in cells with improved resolu-
72 tion.44−50 What is more, LCEM allows for direct imaging of
73 specimens in aqueous environments, including hydrated
74 biological samples, placed within either a special silicon nitride
75 cell or graphene enclosure.51−65 In all these cases, though,
76 significant amounts of time and resources as well as a range of
77 specific skills and instrumentation are needed to successfully
78 prepare and analyze the samples.
79 If possible, simpler and less onerous methods are therefore
80 wanted. From that perspective, recently developed atmosphere
81 scanning electron microscopy (ASEM) represents an impor-
82 tant step in this direction: hydrated fixed cells can be imaged at
83 5 nm resolution in an inverted SEM via a thin silicon nitride
84 window.66,67 Based on ASEM, scanning electron-assisted
85 dielectric microscopy (SE-ADM) was developed to image
86 hydrated nonfixed cells with negligible radiation damage at 8
87 nm resolution.68−70 In another version of ASEM, the
88 microscope column is isolated by a bilayer graphene window,
89 improving the resolution down to 5 nm.71

90 While these techniques allow for imaging of specimens in an
91 open atmosphere, with little or no sample preparation
92 involved, the use of windows seems to limit the achievable
93 resolution. Environmental electron microscopy, on the other
94 hand, can combine the favorable characteristics of atmospheric
95 EM (minimal or no sample preparation) with conventional
96 EM (high spatial resolution). In environmental EM, hydrated
97 samples can be placed directly into an environmental scanning
98 electron microscope operating in a pressure range between a
99 few hundred and a few thousand pascal, in an atmosphere of
100 100% relative humidity.72,73 It is worth noting that no silicon
101 nitride window/cell nor graphene cover is necessary for
102 successful imaging. Two complementary modes of environ-
103 mental EM can be used: environmental scanning electron
104 microscopy (ESEM), in which the secondary electrons ejected
105 from the sample are collected on a detector above the sample
106 via cascade amplification with gas molecules,74 and wet
107 scanning transmission electron microscopy (wet-STEM; some-
108 times also termed STEM-in-SEM), in which the transmitted
109 primary electrons are collected by a STEM detector located
110 below the sample.75−77 This EM technique enables in situ
111 investigation not only of metallic samples, such as gold
112 nanoparticles and nanorods during wetting and drying,78−81

113 but also of nonconductive samples, such as wet hybrid
114 nanoparticles,82 block copolymer vesicles,83 latex beads,84,85

115 water−oil emulsions,86 and, more importantly, fixed and
116 nonfixed biological samples.87−102 Some of these studies
117 included incubation of mammalian cells with nanogold serving
118 as a label for specific cell membrane-based biomolecules,
119 allowing for tracking their positions on the cell surface. It
120 should also be noted that fixation protocols themselves might
121 cause translocation of biomolecules across cellular compart-
122 ments, so ideally fixation should be completely avoided.103

123 However, until now, direct nanoscale environmental EM

124imaging of ENMs that are distributed within nonfixed intact
125cells in the absence of cover or enclosure has been elusive.
126We here demonstrate the feasibility of environmental EM to
127image ENMs inside intact mammalian cells, without any
128further processing steps or use of any enclosure. Utilizing gold
129nanorods (GNRs) as a model ENM, we experimentally
130investigated their uptake into mesenchymal stem cells
131(MSCD1) by a means of ESEM and wet-STEM. Building
132upon the established ESEM practices,72,104−108 we have
133developed new ESEM and wet-STEM protocols suitable for
134observing nanoscale gold in intact biological cells in a fully
135hydrated state, in a typical modern environmental electron
136microscope (FEI Quanta 250 FEG-ESEM). We show that
137electron doses on the order of 1 e−/Å2 are sufficient for
138capturing fine details on the nanoscale. To corroborate the
139accuracy of our ESEM and wet-STEM observations, we have
140also imaged equivalent samples prepared by conventional
141biological EM techniques, that is, fixation−staining−embed-
142ding−sectioning TEM, or cryo-TEM. All the results are
143compared, highlighting the innovative aspects of ESEM and
144wet-STEM with respect to common EM approaches when
145dealing with the analysis of ENMs present inside cells.

146■ EXPERIMENTAL METHODS
147Reagents. All chemicals were of highest available purity,
148purchased from Sigma-Aldrich, Prochimia, and LifeTein, and
149used as received. All solutions were prepared with deionized
150(Milli-Q) water.
151Preparation of GNRs. GNRs were prepared following the
152well-established seeded growth method reported by Nikoo-
153bakht and El-Sayed.109 Typically, the seed solution was
154obtained by mixing 2.5 mL of HAuCl4 (1 mM) with 5 mL
155of CTAB (200 mM) and then adding 60 μL of an ice-cooled
156NaBH4 (100 mM). The mixture was left to rest for 2 h. Then,
15716 μL of this seed solution was added under stirring to the
158growth solution consisting of a mixture of 10 mL of HAuCl4 (1
159mM), 10 mL of CTAB (200 mM), 500 μL of AgNO3 (4 mM),
160and 140 μL of ascorbic acid (78.8 mM). The reaction mixture
161was kept at rest overnight at 27 °C and then used as stock
162solution for further experiments.
163Surface Modification of GNRs. To remove excess CTAB,
164the GNR stock solution was centrifuged twice (14500 rpm, 20
165min), and the GNRs were resuspended in Milli-Q water each
166time. A carefully dosed amount of poly(ethylene glycol)
167monomethyl ether thiol (HS-(CH2)2-O-(EG)n-CH3) of 5000 g
168mol−1 average molecular weight (PEG5000) was added to retain
169good stability of the GNRs but avoid saturation of all available
170surface sites with thiolate bonds. To achieve this, depending on
171the amount of GNR stock solution used, the conditions were
172chosen so that ∼100000 PEG5000 molecules were available for
173each GNR. Then, the modified cell penetrating peptide
174CALNN-TAT (LifeTein) was added (∼3000 molecules per
175GNR) and again left overnight to react. Before use, the
176suspension was purified by centrifugation.
177Negative Staining of GNRs for TEM. 4 μL of GNR
178solution was dropcast onto a freshly glow-discharged (Quorum
179Q150T) carbon-coated TEM grid, gently blotted with filter
180paper, and then consecutively immersed in two 20 μL drops of
1811.5% uranyl acetate (UA) solution for 30 s. The excess liquid
182was gently removed by using a filter paper and let to
183completely dry in a fume hood before TEM imaging.
184UV−Vis−NIR. UV−vis−NIR spectroscopy was conducted
185in a Thermo Scientific Genesys 10S UV−vis spectrometer.
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186 Cell Culture and Uptake of GNRs. Dulbecco’s Modified
187 Eagle Medium (DMEM) was obtained from Gibco.
188 Phosphate-buffered saline (PBS) and penicillin−streptomycin
189 were from Sigma-Aldrich. Fetal bovine serum (FBS) was
190 purchased from Life Technologies.
191 Murine mesenchymal stem/stromal cells MSCD1 (CRL-
192 12424) were used.29 They were obtained from the bone
193 marrow of the Mus musculus mouse (ATCC). In a typical
194 uptake experiment, 2 × 105 MSCD1 cells were seeded in six-
195 well plate with 2 mL cell culture medium (DMEM
196 supplemented with 10% FBS) and incubated at 37 °C with
197 5% CO2 humidified atmosphere for 24 h. After 24 h, the
198 medium was replaced with 400 μL of GNR dispersion added
199 to 1.6 mL of fresh medium with 1% penicillin−streptomycin.
200 MSCs were incubated with GNRs for 24 h and imaged on a
201 Leica optical microscope.
202 Sample Preparation UV−Vis−NIR Spectroscopy. After
203 incubation with GNRs in a six-well microplate, the cells were
204 washed several times with PBS buffer and dissociated by using
205 trypsin. The cells were resuspended in fresh medium and
206 washed twice with PBS buffer by sequential centrifugations
207 (500g for 3 min), and the number of cells was determined by
208 using an automated cell counter (TC10, BioRad). We
209 transferred 9 ×105 cells in PBS buffer to Eppendorfs for
210 UV−vis−NIR measurements.
211 ESEM and Wet-STEM Imaging. Here, we follow the
212 guidelines for the recommended practices on minimum
213 information reporting in bionano experimental literature
214 (MIRIBEL).110,111

215 ESEM and wet-STEM experiments were done in a FEI
216 Quanta 250 FEG-ESEM. Typically, a glass slide (for ESEM) or
217 a TEM grid (for wet-STEM) containing labeled or control
218 cells was taken from a 24-well plate and gently blotted with
219 filter paper, ensuring that the surface remains visibly wet. The
220 sample was then put onto a precooled stage and loaded into
221 the ESEM for inspection. For experimental details on the
222 pump-down procedure and imaging conditions see the
223 Supporting Information. We note that each well in the 24-
224 well plate contained up to four glass slides or TEM grids,
225 allowing for a high number of experiments/attempts, only
226 limited by the sample mounting/exchange procedureusually
227 up to 12 per standard day of work. In the case of a damaged
228 sample or bad imaging conditions (e.g., due to overflooding or
229 overdrying during the pump-down procedure), the sample was
230 immediately taken out of the ESEM so that a new one could be
231 inserted. In this way it was usually possible to achieve good
232 outcome for 2−3 samples per day of work, yielding useful data.

233In between the attempts, the 24-well plate was placed back into
234the incubator.
235TEM Imaging. The samples were prepared for transmission
236electron microscopy (TEM) using the following protocol: after
23724 h incubation, cells were fixed with a solution containing 1%
238paraformaldehyde and 3% glutaraldehyde in 0.1 M cacodylate
239buffer (pH 7.4). Then, cells were incubated with a reduced
240osmium staining solution, containing 2% OsO4 and 1.5%
241K4[Fe(CN)6], for 1 h. This was followed by a second 1 h
242osmium staining (2% OsO4) step and overnight staining with
2431% uranyl acetate. Cells were washed with water for 3 min,
244three times after every staining step. Samples were then
245dehydrated in graded ethanol (30%, 50%, 70%, 90%, and 2 ×
246100%) for 5 min each. Finally, samples were infiltrated with
247medium TAAB resin 812 and embedded within the same resin.
248The resin was cured for 48 h at 60 °C. Finally, ultrathin
249sections of 350 μm × 350 μm × 74 nm were cut on a Leica
250UC6 microtome and placed on 200-mesh formvar/carbon
251TEM grids. They were poststained with uranyl acetate (4% UA
252in a 50:50 ethanol/water solution) and Reynolds lead citrate
253before TEM imaging.
254The samples were imaged on a FEI Tecnai G2 Spirit
255BioTwin TEM operating at an accelerating voltage of 120 kV
256by using a SIS MegaView III digital camera.
257Cryo-TEM Imaging. For cryo-TEM, the samples were
258prepared in the following way: cells were grown directly on
259carbon-coated gold TEM grids (Agar Scientific) in 24-well
260plates, as described earlier. Typically, a TEM grid with the
261GNR-labeled cells was taken from the well and put straight
262into a FEI Vitrobot Mk2 vitrification system operating at 8 °C
263and a relative humidity of >95%. The grid was blotted 2 × 2 s
264before being plunged into liquid ethane. The vitrified samples
265were stored in liquid nitrogen until examination. Cryo-TEM
266imaging was done on a FEI Tecnai G2 Spirit BioTwin TEM at
267120 kV in low-dose conditions. During cryo-TEM, the sample
268holder (Gatan 626) was kept at a temperature below −178 °C.
269Image Processing. All microscopy images were processed
270in Fiji/ImageJ. For visualization improvement, some of the
271ESEM and wet-STEM images were Gaussian-filtered or
272smoothed to reduce noise. In addition, these images were
273contrast/brightness adjusted during application of Green Fire
274Blue LUT.

275■ RESULTS AND DISCUSSION
276For this study, we have imaged gold nanorods (GNRs) that
277had been endocytosed by mesenchymal stem cells. The GNRs
278were coated with a mixed monolayer consisting predominantly
279of thiolated poly(ethylene glycol) (PEG) and a small amount

Figure 1. (a) TEM image of GNRs functionalized with thiolated PEG and CALNN-TAT.(b) UV−vis−NIR spectra of GNRs dispersed in solution
and taken up in MSCD1 cells. The peak broadening and shift observed upon cellular uptake is reversible after cell lysis, supporting our
interpretation that it is due to plasmon coupling within densely packed endocytic vesicles.28
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280 of the cell-penetrating peptide TAT13,14,112 appended to the
281 pentapeptide CALNN, which is known to strongly bind to the

f1 282 surface of gold nanoparticles113 (Figure 1a and Figure S1). The
283 GNRs were readily incorporated by the cells as initially
284 evidenced by optical microscopy (Figure S2). Uptake was also
285 assessed by optical spectroscopy of suspensions of GNRs and
286 of cells containing GNRs (Figure 1b). Both the transversal and
287 the longitudinal peaks characteristic of GNRs were significantly
288 broadened and slightly red-shifted when the GNRs were
289 internalized within the cells indicating plasmon coupling,
290 previously reported to be due to the compacting of the GNRs
291 within endocytic vesicles.28 This was reversible when the
292 GNRs were released from the cells.
293 ESEM Imaging. Environmental electron microscopy was
294 explored as a means to investigate the distribution of GNRs
295 within cells. The experimental protocol for ESEM was initially
296 developed and optimized by using fixed cells (Figures S3 and
297 S4). Fixation makes the cells more robust for ESEM, allowing
298 for longer examination of the sample while varying parameters
299 such as temperature, pressure, humidity, electron beam energy,
300 acquisition mode, dwell time, magnification/pitch, and work-

f2 301 ing distance. Figure 2 shows hydrated fixed cells imaged by
302 ESEM using a beam energy of 20 keV, where the brighter areas
303 seen within the cells indicate incorporation of GNRs in
304 endocytic vesicles (Figure 2b,c). At a higher magnification,
305 individual GNRs can be clearly distinguished at nanometer
306 resolution (Figure 2d), demonstrating that ESEM can be used

307for direct imaging of nanomaterials inside hydrated biological
308systems. It should be mentioned that at high magnification the
309electron flux might become sufficiently intense to immediately
310cause visible physical damage to biological material.96,114−119

311We took special care to minimize these undesired effects by
312keeping the electron beam dose adequately low (8−33 e−/Å2,
313at the highest tested nominal magnification of 100000×; see
314the Supporting Information for details), while still aiming to
315acquire images of the best possible clarity and resolution. Once
316optimized, the experimental procedure was repeated with
317excellent reproducibility, allowing for straightforward visual
318distinction between the cells that contained GNRs and the
319control sample comprising cells without GNRs (Figure S5).
320In the next step, the goal was to directly image GNRs in
321nonprocessed intact live cells by using ESEM. To maintain the
322atmosphere around the sample inside the microscope close to a
323relative humidity of 100%, the sample holder was kept at a
324temperature of 2 °C.
325The typical electron doses used in our high-resolution
326experiments (8−33 e−/Å2) are likely to cause cell death during
327imaging, although the lethal electron doses for cells are still
328subject to debate.120−122 Therefore, the term “live” describes
329the state of the cells just prior to their insertion into the
330environmental microscope. By carefully setting the ESEM
331parameters (Figure S4), it was possible to achieve very slow
332evaporation of samples inside the microscope, so that the cells
333were kept hydrated in the leftover original buffer solution. This

Figure 2. ESEM images (false colored) of fixed hydrated MSCD1 cells incubated with GNRs. The rectangles shown on the images indicate the
successive zoomed-in areas. Electron doses for individual image acquisition were as follows: (a) 0.0016 e−/Å2, (b) 0.04 e−/Å2, (c) 1.44 e−/Å2, and
(d) 16 e−/Å2.
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334 enabled detailed imaging of the intact hydrated cells, as
f3 335 depicted in Figure 3. Again, the presence of the GNRs was

336 evidenced by brighter regions or pockets within the cells,
337 indicative of their confinement in endocytic vesicles (Figure
338 3b,c). At sufficiently high magnifications, individual GNRs
339 close to the surface of these pockets are clearly resolved
340 (Figure 3d). These cells appeared to be somewhat more prone
341 to damage at higher electron beam doses (>10 e−/Å2) than the
342 fixed cells. The pockets of GNRs tended to drift during image
343 acquisition at higher magnifications (>50000×), visibly
344 affecting the shape of the cell and leaving behind
345 indentation-like rectangular features that corresponded to the
346 imaged areas (not shown). Interestingly, this did not lead to
347 detectable cell lysis. In comparison, ESEM images of the
348 control samples (without GNRs) showed no signs of brighter
349 pockets (Figure S6). This demonstrates that ESEM imaging at
350 a magnification as low as 5000× is sufficient to make a clear
351 distinction between cells that contain GNRs and those that do
352 not. In addition, it appears feasible to estimate the extent of
353 cellular uptake from the number, density, and relative
354 brightness of these pockets within the cells, and in some
355 cases, conclusions on the spatial distribution of ENMs (e.g.,
356 whether they are membrane-bound or taken up within
357 cytoplasm) may be drawn, even at such low magnification.
358 We note that these images were obtained with electron beam
359 doses on the order of 0.01 e−/Å2, which is orders of magnitude
360 lower than the doses typically used in cryo-TEM and

361potentially below the critical doses for survival of biological
362samples.47,120,122 It is also worth noting that the electron beam
363energy used in our ESEM experiments (20 keV) was by an
364order of magnitude less than what is typically used in LCEM or
365cryo-TEM (200 keV).
366While aiming to maintain the slow evaporation conditions
367needed to image intact cells, condensation of water on the
368sample occasionally occurred (Figure S7). In such a case, the
369cell membranes burst due to osmotic flow of water into the
370cells, spilling out the cytosol, in which individual GNRs could
371clearly be identified. Whenever this occurred, it was typically
372prior to performing the first scan of the electron beam at low
373magnification (<1000×) and ultralow dose (<0.0016 e−/Å2),
374so that electron beam damage can be ruled out as the main
375cause of cell lysis.
376Wet-STEM Imaging. We next employed wet-STEM to
377examine the cells in the scanning transmission mode using a
378beam energy of 30 keV. For this purpose, the cells were grown
379and incubated with GNRs directly on the amorphous carbon
380films of gold TEM grids, which enabled a quick transfer of
381samples to the environmental microscope. Such samples also
382lend themselves to immediate vitrification for complementary
383cryo-TEM observations. While the ESEM mode facilitates
384high-resolution imaging of intracellular GNRs that are close to
385the cell surface, the wet-STEM mode also enables imaging of
386GNRs deeper within the cytoplasm, provided the imaged area
387is thin enough for the electron beam to penetrate through.

Figure 3. ESEM images (false colored) of intact, fully hydrated MSCD1 cells incubated with GNRs. The rectangles shown on the images indicate
the successive zoomed-in areas. Electron doses during image acquisition were as follows: (a) 0.0033 e−/Å2, (b) 0.33 e−/Å2, and (c, d) 33 e−/Å2.
Note that the cells are partially immersed in buffer solution.
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388 This represents an advantage of wet-STEM over ESEM, as it
389 yields more accurate information about the distribution of
390 nanomaterials within the cells. One should be careful though
391 when interpreting wet-STEM micrographs because the profile
392 of forward-scattered electrons is strongly influenced by
393 geometric factors, such as sample thickness and the z-position
394 of the nanomaterial contained.123,124 For instance, one of the
395 most obvious effects is contrast inversion,84,125 so that GNRs
396 could appear dark or bright on the same detector, depending
397 on their exact position in the cell. On the other hand, the
398 absence of silicon nitride windows in our wet-STEM
399 experiments is beneficial for reducing the beam broadening
400 and thus minimizing the image blurring.
401 To establish a working procedure for wet-STEM imaging of
402 GNRs in cells, we followed the same line of experimentation as
403 for ESEM. The imaging parameters were first adjusted by using
404 fixed hydrated cells, serving as a good starting point for
405 optimizing the protocol for imaging of untreated cells (Figures
406 S8−S11). In comparison to ESEM, an additional benefit of
407 wet-STEM experimental setup is a segmented solid-state
408 STEM detector that can operate in both bright-field (BF) and
409 dark-field (DF) modes at the same time, thus revealing more
410 information from the scanned area (Figure S9).

f4 411 Figure 4 shows wet-STEM images of a typical sample of
412 intact cells containing GNRs. Initially fully hydrated and
413 mostly covered by a layer of liquid buffer solution, the sample
414 has a limited area that is suitable for observation in

415transmission mode (see also Figure S12). Slow evaporation
416of liquid within the environmental microscope rendered more
417area transparent enough to acquire wet-STEM images at higher
418resolution (Figure 4a). In the thinner parts of the cells (Figure
4194b), darker features were resolved that corresponded in shape
420and size to the brighter pockets commonly observed in the
421respective ESEM images (Figure 3b).
422A close-up wet-STEM view of these features (Figure 4c,d,
423Figures S13 and S14) reveals that they comprise locally tightly
424packed GNRs, in agreement with what was observed by ESEM.
425Such larger aggregates of GNRs are indicative of their
426confinement in endocytic vesicles. In addition, individual
427GNRs can be seen in places, at a resolution of a few
428nanometers; they appear to be at the same depth as the
429vesicles, i.e., located deep within the cytoplasm and not bound
430to the cell membrane. Again, control samples without GNRs
431did not show comparable features (Figure S13). Once
432optimized, our imaging protocol enabled routine screening of
433intact fully hydrated samples at a rate of up to a dozen per day.
434Comparison with Thin-Section TEM and Cryo-TEM.
435To validate our ESEM and wet-STEM results against
436conventional methods, we made use of two EM approaches
437that are commonly utilized for imaging biomaterials, i.e.,
438fixation−staining−embedding−sectioning of cells for standard
439TEM, and vitrification of cells for cryo-TEM. We stress that
440both techniques required significantly more time, materials,

Figure 4. BF wet-STEM images (false colored) of intact, fully hydrated MSCD1 cells incubated with GNRs. The rectangles shown on the images
indicate the zoomed-in areas (image d is digitally magnified). Electron doses for individual image acquisition were as follows: (a) 0.0016 e−/Å2, (b)
0.04 e−/Å2, and (c, d) 16 e−/Å2.
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441 instrumentation, and effort than the corresponding ESEM and
442 wet-STEM experiments.

f5 443 Figure 5a,b shows a couple of TEM images of thin sections
444 sliced from cells incubated with GNRs. These images confirm
445 that the GNRs are mostly confined and densely packed within
446 endocytic vesicles. Only very few GNRs are found at or near
447 the cell membrane as individual rods (see also Figure S15).
448 This is in line with our ESEM and wet-STEM observations
449 (Figures 2−4) as well as with the optical spectrum of the cells
450 (Figure 1b) which indicates plasmon coupling due to close
451 packing of GNRs.
452 Cryo-TEM images (Figure 5c and Figure S16) of vitrified
453 whole cells that were grown directly on the TEM grid and
454 incubated with GNRs exhibit features very similar to typical
455 wet-STEM images (Figure 4b). A closer look at the thinner
456 parts of the vitrified cells (Figure 5d) confirms that the GNRs
457 are closely packed within vesicles.
458 The results obtained by using these two well-established EM
459 techniques complement and support the conclusions drawn
460 from our ESEM and wet-STEM observations. It seems that the
461 quality of information that can be obtained by using relatively
462 straightforward environmental EM techniquesESEM and
463 wet-STEM of nonprocessed cellscan match those obtained
464 by using quite resource-demanding EM techniques. In
465 addition, ESEM and wet-STEM experiments were performed

466by using an electron beam of a much lower energy (20 and 30
467keV, respectively) than the one used in typical LCEM
468experiments (200 or 300 keV). Normally, lowering the beam
469energy leads to a loss of resolution in EM, but because ESEM
470and wet-STEM allow for direct observation of hydrated
471samples without any cover/enclosure, such as silicon nitride
472windows, and without a layer of excess liquid in between, the
473final ESEM and wet-STEM resolution (Figure S17) could
474match the resolution achieved in LCEM of samples of
475biological origin.

476■ CONCLUSIONS

477We have demonstrated the possibility to image nanomaterials
478within intact mammalian cells at a magnification as low as
4795000×, i.e., electron beam doses on the order of 0.01 e−/Å2, by
480using a beam energy of 20 keV in ESEM mode or 30 keV in
481wet-STEM mode. While conventional TEM can provide more
482contrasted images, it was possible in both cases to clearly
483visualize GNRs within the cells with nanometer resolution by
484using doses on the order of 1 e−/Å2, either tightly packed in
485vesicles or as single particles. This opens up various
486possibilities, for instance to track nanogold-labeled biomole-
487cules not only on the surface of the cellular membrane but also
488within the cytoplasm and within cellular compartments.

Figure 5. (a, b) TEM images of thin sections of MSCD1 cells incubated with GNRs. (c, d) Cryo-TEM images of whole vitrified MSCD1 cells
incubated with GNRs. Electron doses during acquisition of cryo-TEM images in (c, d) were 6.3 and 31.8 e−/Å2, respectively. (Note: the presence
of some spheres and irregularly shaped particles is a feature of the batch of nanorods used in this experiment. It is not due to beam damage or other
later introduced modifications.)
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489 In principle, environmental electron microscopy can be
490 performed even at room temperature by using higher water
491 vapor pressure, albeit at the expense of lower image resolution
492 and clarity. In the next step, the imaging conditions should be
493 tailored to ensure that the biological specimens remain alive
494 during imaging. Hence, in spite of the many practical
495 difficulties, we envisage the use of ESEM and wet-STEM for
496 nanoscale imaging of living cellular matter and associated
497 processes.

498 ■ ASSOCIATED CONTENT

499 *sı Supporting Information
500 The Supporting Information is available free of charge at
501 https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09104.

502 Additional negative-stain TEM images of GNRs, optical
503 microscopy images of GNR-labeled cells, details on
504 optimized experimental protocols for ESEM and wet-
505 STEM imaging of fixed and intact (nonfixed) cells,
506 additional ESEM and wet-STEM images of GNR-
507 labeled and control samples, TEM images of thin
508 sections, cryo-TEM images of vitrified GNR-labeled
509 cells, wet-STEM resolution measurements and calcu-
510 lation of the electron dose used in our experiments
511 (PDF)

512 ■ AUTHOR INFORMATION

513 Corresponding Authors
514 Domagoj Belic ́ − Department of Chemistry, University of
515 Liverpool, Liverpool L69 7ZD, United Kingdom; Department
516 of Physics, Josip Juraj Strossmayer University of Osijek,
517 31000 Osijek, Croatia; orcid.org/0000-0002-7954-7046;
518 Email: Domagoj.Belic@liverpool.ac.uk
519 Mathias Brust − Department of Chemistry, University of
520 Liverpool, Liverpool L69 7ZD, United Kingdom;
521 orcid.org/0000-0001-6301-7123; Email: M.Brust@
522 liverpool.ac.uk

523 Authors
524 Oihane Fragueiro − Department of Chemistry, University of
525 Liverpool, Liverpool L69 7ZD, United Kingdom
526 Dina Salah − Department of Chemistry, University of
527 Liverpool, Liverpool L69 7ZD, United Kingdom; Biophysics
528 Group, Physics Department, Ain Shams University, Cairo
529 11566, Egypt
530 Alison Beckett − Biomedical Electron Microscopy Facility,
531 University of Liverpool, Liverpool L69 7ZB, United Kingdom
532 Martin Volk − Surface Science Research Centre, Department of
533 Chemistry, University of Liverpool, Liverpool L69 3BX,
534 United Kingdom

535 Complete contact information is available at:
536 https://pubs.acs.org/10.1021/acs.jpcc.1c09104

537 Author Contributions
538 M.B.: conceptualization, funding acquisition, resource, super-
539 vision, writing. D.B.: conceptualization, data acquisition,
540 analysis, writing. O.F. and D.S.: sample preparation, data
541 acquisition. A.B.: resources. M.V.: supervision.

542 Notes
543 The authors declare no competing financial interest.

544■ ACKNOWLEDGMENTS
545This research has received funding from the European
546Research Council under the European Union’s Seventh
547Framework Programme (FP7/2007-2013)/ERC-Advanced
548Grant Project 321172 PANDORA. The authors thank Prof.
549Patricia Murray and Dr. Arthur Taylor for their advice and help
550with cell culture.

551■ REFERENCES
(1) 552Björnmalm, M.; Faria, M.; Caruso, F. Increasing the Impact of

553Materials in and Beyond Bio-Nano Science. J. Am. Chem. Soc. 2016,
554138 (41), 13449−13456.

(2) 555Zhou, W.; Gao, X.; Liu, D.; Chen, X. Gold Nanoparticles for in
556Vitro Diagnostics. Chem. Rev. 2015, 115 (19), 10575−10636.

(3) 557Smith, B. R.; Gambhir, S. S. Nanomaterials for in Vivo Imaging.
558Chem. Rev. 2017, 117 (3), 901−986.

(4) 559Nicolas-Boluda, A.; Yang, Z.; Guilbert, T.; Fouassier, L.; Carn,
560F.; Gazeau, F.; Pileni, M. P. Self-Assemblies of Fe3O4 Nanocrystals:
561Toward Nanoscale Precision of Photothermal Effects in the Tumor
562Microenvironment. Adv. Funct. Mater. 2021, 31 (4), 2006824.

(5) 563Nicolas-Boluda, A.; Yang, Z.; Dobryden, I.; Carn, F.;
564Winckelmans, N.; Péchoux, C.; Bonville, P.; Bals, S.; Claesson, P.
565M.; Gazeau, F.; et al. Intracellular Fate of Hydrophobic Nanocrystal
566Self-Assemblies in Tumor Cells. Adv. Funct. Mater. 2020, 30 (40),
5672004274.

(6) 568Boisselier, E.; Astruc, D. Gold Nanoparticles in Nanomedicine:
569Preparations, Imaging, Diagnostics, Therapies and Toxicity. Chem.
570Soc. Rev. 2009, 38 (6), 1759−1782.

(7) 571Alkilany, A. M.; Nagaria, P. K.; Hexel, C. R.; Shaw, T. J.;
572Murphy, C. J.; Wyatt, M. D. Cellular Uptake and Cytotoxicity of Gold
573Nanorods: Molecular Origin of Cytotoxicity and Surface Effects.
574Small 2009, 5 (6), 701−708.

(8) 575Connor, E. E.; Mwamuka, J.; Gole, A.; Murphy, C. J.; Wyatt, M.
576D. Gold Nanoparticles Are Taken Up by Human Cells but Do Not
577Cause Acute Cytotoxicity. Small 2005, 1 (3), 325−327.

(9) 578Carnovale, C.; Bryant, G.; Shukla, R.; Bansal, V. Size, Shape and
579Surface Chemistry of Nano-Gold Dictate Its Cellular Interactions,
580Uptake and Toxicity. Prog. Mater. Sci. 2016, 83, 152−190.

(10) 581Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-
582Sayed, M. A. The Golden Age: Gold Nanoparticles for Biomedicine.
583Chem. Soc. Rev. 2012, 41 (7), 2740−2779.

(11) 584Dykman, L. A.; Khlebtsov, N. G. Uptake of Engineered Gold
585Nanoparticles into Mammalian Cells. Chem. Rev. 2014, 114 (2),
5861258−1288.

(12) 587Yang, C.; Uertz, J.; Yohan, D.; Chithrani, B. D. Peptide
588Modified Gold Nanoparticles for Improved Cellular Uptake, Nuclear
589Transport, and Intracellular Retention. Nanoscale 2014, 6 (20),
59012026−12033.

(13) 591de la Fuente, J. M.; Berry, C. C. Tat Peptide as an Efficient
592Molecule To Translocate Gold Nanoparticles into the Cell Nucleus.
593Bioconjugate Chem. 2005, 16 (5), 1176−1180.

(14) 594Krpetic,́ Ž.; Saleemi, S.; Prior, I. A.; Sée, V.; Qureshi, R.; Brust,
595M. Negotiation of Intracellular Membrane Barriers by TAT-Modified
596Gold Nanoparticles. ACS Nano 2011, 5 (6), 5195−5201.

(15) 597Nativo, P.; Prior, I. A.; Brust, M. Uptake and Intracellular Fate
598of Surface-Modified Gold Nanoparticles. ACS Nano 2008, 2 (8),
5991639−1644.

(16) 600Oh, E.; Delehanty, J. B.; Sapsford, K. E.; Susumu, K.; Goswami,
601R.; Blanco-Canosa, J. B.; Dawson, P. E.; Granek, J.; Shoff, M.; Zhang,
602Q.; et al. Cellular Uptake and Fate of PEGylated Gold Nanoparticles
603Is Dependent on Both Cell-Penetration Peptides and Particle Size.
604ACS Nano 2011, 5 (8), 6434−6448.

(17) 605Chithrani, B. D.; Chan, W. C. W. Elucidating the Mechanism of
606Cellular Uptake and Removal of Protein-Coated Gold Nanoparticles
607of Different Sizes and Shapes. Nano Lett. 2007, 7 (6), 1542−1550.

(18) 608Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. W. Determining
609the Size and Shape Dependence of Gold Nanoparticle Uptake into
610Mammalian Cells. Nano Lett. 2006, 6 (4), 662−668.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c09104
J. Phys. Chem. C XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09104?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09104/suppl_file/jp1c09104_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Domagoj+Belic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7954-7046
mailto:Domagoj.Belic@liverpool.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathias+Brust"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6301-7123
https://orcid.org/0000-0001-6301-7123
mailto:M.Brust@liverpool.ac.uk
mailto:M.Brust@liverpool.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oihane+Fragueiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dina+Salah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alison+Beckett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Volk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://doi.org/10.1021/jacs.6b08673?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.6b08673?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00100?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00100?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00073?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/adfm.202006824
https://doi.org/10.1002/adfm.202006824
https://doi.org/10.1002/adfm.202006824
https://doi.org/10.1002/adfm.202004274
https://doi.org/10.1002/adfm.202004274
https://doi.org/10.1039/b806051g
https://doi.org/10.1039/b806051g
https://doi.org/10.1002/smll.200801546
https://doi.org/10.1002/smll.200801546
https://doi.org/10.1002/smll.200400093
https://doi.org/10.1002/smll.200400093
https://doi.org/10.1016/j.pmatsci.2016.04.003
https://doi.org/10.1016/j.pmatsci.2016.04.003
https://doi.org/10.1016/j.pmatsci.2016.04.003
https://doi.org/10.1039/C1CS15237H
https://doi.org/10.1021/cr300441a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/cr300441a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C4NR02535K
https://doi.org/10.1039/C4NR02535K
https://doi.org/10.1039/C4NR02535K
https://doi.org/10.1021/bc050033+?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/bc050033+?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nn201369k?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nn201369k?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nn800330a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nn800330a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nn201624c?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nn201624c?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl070363y?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl070363y?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl070363y?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl052396o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl052396o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl052396o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09104?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(19)611 Dykman, L.; Khlebtsov, N. Gold Nanoparticles in Biomedical
612 Applications: Recent Advances and Perspectives. Chem. Soc. Rev.
613 2012, 41 (6), 2256−2282.

(20)614 Pelaz, B.; Alexiou, C.; Alvarez-Puebla, R. A.; Alves, F.; Andrews,
615 A. M.; Ashraf, S.; Balogh, L. P.; Ballerini, L.; Bestetti, A.; Brendel, C.;
616 et al. Diverse Applications of Nanomedicine. ACS Nano 2017, 11 (3),
617 2313−2381.

(21)618 Chen, G.; Roy, I.; Yang, C.; Prasad, P. N. Nanochemistry and
619 Nanomedicine for Nanoparticle-Based Diagnostics and Therapy.
620 Chem. Rev. 2016, 116 (5), 2826−2885.

(22)621 Wang, P.; Rahman, M. A.; Zhao, Z.; Weiss, K.; Zhang, C.;
622 Chen, Z.; Hurwitz, S. J.; Chen, Z. G.; Shin, D. M.; Ke, Y. Visualization
623 of the Cellular Uptake and Trafficking of DNA Origami
624 Nanostructures in Cancer Cells. J. Am. Chem. Soc. 2018, 140 (7),
625 2478−2484.

(23)626 Dreaden, E. C.; Mackey, M. A.; Huang, X.; Kang, B.; El-Sayed,
627 M. A. Beating Cancer in Multiple Ways Using Nanogold. Chem. Soc.
628 Rev. 2011, 40 (7), 3391−3404.

(24)629 Alkilany, A. M.; Thompson, L. B.; Boulos, S. P.; Sisco, P. N.;
630 Murphy, C. J. Gold Nanorods: Their Potential for Photothermal
631 Therapeutics and Drug Delivery, Tempered by the Complexity of
632 Their Biological Interactions. Adv. Drug Delivery Rev. 2012, 64 (2),
633 190−199.

(25)634 Abdelrasoul, G. N.; Magrassi, R.; Dante, S.; d’Amora, M.;
635 d’Abbusco, M. S.; Pellegrino, T.; Diaspro, A. PEGylated Gold
636 Nanorods as Optical Trackers for Biomedical Applications: An in Vivo
637 and in Vitro Comparative Study. Nanotechnology 2016, 27 (25),
638 255101.

(26)639 Chadwick, S. J.; Salah, D.; Livesey, P. M.; Brust, M.; Volk, M.
640 Singlet Oxygen Generation by Laser Irradiation of Gold Nano-
641 particles. J. Phys. Chem. C 2016, 120 (19), 10647−10657.

(27)642 Huang, X.; El-Sayed, I. H.; Qian, W.; El-Sayed, M. A. Cancer
643 Cell Imaging and Photothermal Therapy in the Near-Infrared Region
644 by Using Gold Nanorods. J. Am. Chem. Soc. 2006, 128 (6), 2115−
645 2120.

(28)646 Comenge, J.; Fragueiro, O.; Sharkey, J.; Taylor, A.; Held, M.;
647 Burton, N. C.; Park, B. K.; Wilm, B.; Murray, P.; Brust, M.; et al.
648 Preventing Plasmon Coupling between Gold Nanorods Improves the
649 Sensitivity of Photoacoustic Detection of Labeled Stem Cells in Vivo.
650 ACS Nano 2016, 10, 7106.

(29)651 Comenge, J.; Sharkey, J.; Fragueiro, O.; Wilm, B.; Brust, M.;
652 Murray, P.; Levy, R.; Plagge, A. Multimodal Cell Tracking from
653 Systemic Administration to Tumour Growth by Combining Gold
654 Nanorods and Reporter Genes. eLife 2018, 7, e33140.

(30)655 Meir, R.; Shamalov, K.; Betzer, O.; Motiei, M.; Horovitz-Fried,
656 M.; Yehuda, R.; Popovtzer, A.; Popovtzer, R.; Cohen, C. J.
657 Nanomedicine for Cancer Immunotherapy: Tracking Cancer-Specific
658 T-Cells in Vivo with Gold Nanoparticles and CT Imaging. ACS Nano
659 2015, 9 (6), 6363−6372.

(31)660 Zhu, X.-M.; Fang, C.; Jia, H.; Huang, Y.; Cheng, C. H. K.; Ko,
661 C.-H.; Chen, Z.; Wang, J.; Wang, Y.-X. J. Cellular Uptake Behaviour,
662 Photothermal Therapy Performance, and Cytotoxicity of Gold
663 Nanorods with Various Coatings. Nanoscale 2014, 6 (19), 11462−
664 11472.

(32)665 Locatelli, E.; Monaco, I.; Comes Franchini, M. Surface
666 Modifications of Gold Nanorods for Applications in Nanomedicine.
667 RSC Adv. 2015, 5 (28), 21681−21699.

(33)668 Choi, J.; Yang, J.; Bang, D.; Park, J.; Suh, J.-S.; Huh, Y.-M.;
669 Haam, S. Targetable Gold Nanorods for Epithelial Cancer Therapy
670 Guided by Near-IR Absorption Imaging. Small 2012, 8 (5), 746−753.

(34)671 McMahon, S. J.; Hyland, W. B.; Muir, M. F.; Coulter, J. A.; Jain,
672 S.; Butterworth, K. T.; Schettino, G.; Dickson, G. R.; Hounsell, A. R.;
673 O'Sullivan, J. M.; Prise, K. M.; Hirst, D. G.; Currell, F. J. Biological
674 Consequences of Nanoscale Energy Deposition near Irradiated Heavy
675 Atom Nanoparticles. Sci. Rep. 2011, 1 (1), 18.

(35)676 McQuaid, H. N.; Muir, M. F.; Taggart, L. E.; McMahon, S. J.;
677 Coulter, J. A.; Hyland, W. B.; Jain, S.; Butterworth, K. T.; Schettino,
678 G.; Prise, K. M.; Hirst, D. G.; Botchway, S. W.; Currell, F. J. Imaging

679and Radiation Effects of Gold Nanoparticles in Tumour Cells. Sci.
680Rep. 2016, 6 (1), 19442.

(36) 681Jain, S.; Coulter, J. A.; Hounsell, A. R.; Butterworth, K. T.;
682McMahon, S. J.; Hyland, W. B.; Muir, M. F.; Dickson, G. R.; Prise, K.
683M.; Currell, F. J.; et al. Cell-Specific Radiosensitization by Gold
684Nanoparticles at Megavoltage Radiation Energies. Int. J. Radiat.
685Oncol., Biol., Phys. 2011, 79 (2), 531−539.

(37) 686Malki, M.; Fleischer, S.; Shapira, A.; Dvir, T. Gold Nanorod-
687Based Engineered Cardiac Patch for Suture-Free Engraftment by Near
688IR. Nano Lett. 2018, 18 (7), 4069−4073.

(38) 689Maynard, A. D.; Aitken, R. J.; Butz, T.; Colvin, V.; Donaldson,
690K.; Oberdorster, G.; Philbert, M. A.; Ryan, J.; Seaton, A.; Stone, V.;
691et al. Safe Handling of Nanotechnology. Nature 2006, 444 (7117),
692267−269.

(39) 693Maynard, A. D.; Aitken, R. J. ’Safe Handling of Nano-
694technology’ Ten Years On. Nat. Nanotechnol. 2016, 11 (12), 998−
6951000.

(40) 696Wigger, H.; Kägi, R.; Wiesner, M.; Nowack, B. Exposure and
697Possible Risks of Engineered Nanomaterials in the Environment −
698Current Knowledge and Directions for the Future. Rev. Geophys.
6992020, 58 (4), e2020RG000710.

(41) 700Sigal, Y. M.; Zhou, R.; Zhuang, X. Visualizing and Discovering
701Cellular Structures with Super-Resolution Microscopy. Science 2018,
702361, 880−887.

(42) 703Schrand, A. M.; Schlager, J. J.; Dai, L.; Hussain, S. M.
704Preparation of Cells for Assessing Ultrastructural Localization of
705Nanoparticles with Transmission Electron Microscopy. Nat. Protoc.
7062010, 5 (4), 744−757.

(43) 707Elbaum, M. Quantitative Cryo-Scanning Transmission Electron
708Microscopy of Biological Materials. Adv. Mater. 2018, 30 (41),
7091706681.

(44) 710de Boer, P.; Hoogenboom, J. P.; Giepmans, B. N. G. Correlated
711Light and Electron Microscopy: Ultrastructure Lights up! Nat.
712Methods 2015, 12 (6), 503−513.

(45) 713Hoffman, D. P.; Shtengel, G.; Xu, C. S.; Campbell, K. R.;
714Freeman, M.; Wang, L.; Milkie, D. E.; Pasolli, H. A.; Iyer, N.; Bogovic,
715J. A.; et al. Correlative Three-dimensional Super-resolution and Block-
716face Electron Microscopy of Whole Vitreously Frozen Cells. Science
7172020, 367 (6475), eaaz5357.

(46) 718Wu, H.; Friedrich, H.; Patterson, J. P.; Sommerdijk, N. A. J. M.;
719Jonge, N. Liquid-Phase Electron Microscopy for Soft Matter Science
720and Biology. Adv. Mater. 2020, 32 (25), 2001582.

(47) 721Liquid Cell Electron Microscopy; Ross, F. M., Ed.; Advances in
722Microscopy and Microanalysis; Cambridge University Press: Cam-
723bridge, 2016.

(48) 724De Yoreo, J. J.; Sommerdijk, N. A. J. M. Investigating Materials
725Formation with Liquid-Phase and Cryogenic TEM. Nat. Rev. Mater.
7262016, 1, 16035.

(49) 727Ross, F. M. Opportunities and Challenges in Liquid Cell
728Electron Microscopy. Science 2015, 350 (6267), aaa9886.

(50) 729de Jonge, N.; Ross, F. M. Electron Microscopy of Specimens in
730Liquid. Nat. Nanotechnol. 2011, 6 (11), 695−704.

(51) 731Park, J.; Koo, K.; Noh, N.; Chang, J. H.; Cheong, J. Y.; Dae, K.
732S.; Park, J. S.; Ji, S.; Kim, I.-D.; Yuk, J. M. Graphene Liquid Cell
733Electron Microscopy: Progress, Applications, and Perspectives. ACS
734Nano 2021, 15 (1), 288−308.

(52) 735Dunn, G.; Adiga, V. P.; Pham, T.; Bryant, C.; Horton-Bailey, D.
736J.; Belling, J. N.; LaFrance, B.; Jackson, J. A.; Barzegar, H. R.; Yuk, J.
737M.; et al. Graphene-Sealed Flow Cells for In Situ Transmission
738Electron Microscopy of Liquid Samples. ACS Nano 2020, 14 (8),
7399637−9643.

(53) 740Koo, K.; Dae, K. S.; Hahn, Y. K.; Yuk, J. M. Live Cell Electron
741Microscopy Using Graphene Veils. Nano Lett. 2020, 20 (6), 4708−
7424713.

(54) 743Textor, M.; de Jonge, N. Strategies for Preparing Graphene
744Liquid Cells for Transmission Electron Microscopy. Nano Lett. 2018,
74518 (6), 3313−3321.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c09104
J. Phys. Chem. C XXXX, XXX, XXX−XXX

I

https://doi.org/10.1039/C1CS15166E
https://doi.org/10.1039/C1CS15166E
https://doi.org/10.1021/acsnano.6b06040?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00148?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00148?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.7b09024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/c0cs00180e
https://doi.org/10.1016/j.addr.2011.03.005
https://doi.org/10.1016/j.addr.2011.03.005
https://doi.org/10.1016/j.addr.2011.03.005
https://doi.org/10.1088/0957-4484/27/25/255101
https://doi.org/10.1088/0957-4484/27/25/255101
https://doi.org/10.1088/0957-4484/27/25/255101
https://doi.org/10.1021/acs.jpcc.6b02005?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02005?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja057254a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja057254a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja057254a?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.6b03246?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.6b03246?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.7554/eLife.33140
https://doi.org/10.7554/eLife.33140
https://doi.org/10.7554/eLife.33140
https://doi.org/10.1021/acsnano.5b01939?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.5b01939?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C4NR03865G
https://doi.org/10.1039/C4NR03865G
https://doi.org/10.1039/C4NR03865G
https://doi.org/10.1039/C4RA16473C
https://doi.org/10.1039/C4RA16473C
https://doi.org/10.1002/smll.201101789
https://doi.org/10.1002/smll.201101789
https://doi.org/10.1038/srep00018
https://doi.org/10.1038/srep00018
https://doi.org/10.1038/srep00018
https://doi.org/10.1038/srep19442
https://doi.org/10.1038/srep19442
https://doi.org/10.1016/j.ijrobp.2010.08.044
https://doi.org/10.1016/j.ijrobp.2010.08.044
https://doi.org/10.1021/acs.nanolett.7b04924?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04924?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04924?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/444267a
https://doi.org/10.1038/nnano.2016.270
https://doi.org/10.1038/nnano.2016.270
https://doi.org/10.1029/2020RG000710
https://doi.org/10.1029/2020RG000710
https://doi.org/10.1029/2020RG000710
https://doi.org/10.1126/science.aau1044
https://doi.org/10.1126/science.aau1044
https://doi.org/10.1038/nprot.2010.2
https://doi.org/10.1038/nprot.2010.2
https://doi.org/10.1002/adma.201706681
https://doi.org/10.1002/adma.201706681
https://doi.org/10.1038/nmeth.3400
https://doi.org/10.1038/nmeth.3400
https://doi.org/10.1126/science.aaz5357
https://doi.org/10.1126/science.aaz5357
https://doi.org/10.1002/adma.202001582
https://doi.org/10.1002/adma.202001582
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1126/science.aaa9886
https://doi.org/10.1126/science.aaa9886
https://doi.org/10.1038/nnano.2011.161
https://doi.org/10.1038/nnano.2011.161
https://doi.org/10.1021/acsnano.0c10229?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.0c10229?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.0c00431?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.0c00431?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00715?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00715?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01366?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01366?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09104?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(55)746 Smith, J. W.; Chen, Q. Liquid-Phase Electron Microscopy
747 Imaging of Cellular and Biomolecular Systems. J. Mater. Chem. B
748 2020, 8 (37), 8490−8506.

(56)749 Park, J.; Park, H.; Ercius, P.; Pegoraro, A. F.; Xu, C.; Kim, J. W.;
750 Han, S. H.; Weitz, D. A. Direct Observation of Wet Biological
751 Samples by Graphene Liquid Cell Transmission Electron Microscopy.
752 Nano Lett. 2015, 15 (7), 4737−4744.

(57)753 Wojcik, M.; Hauser, M.; Li, W.; Moon, S.; Xu, K. Graphene-
754 Enabled Electron Microscopy and Correlated Super-Resolution
755 Microscopy of Wet Cells. Nat. Commun. 2015, 6, 7384.

(58)756 Dahmke, I. N.; Verch, A.; Hermannsdörfer, J.; Peckys, D. B.;
757 Weatherup, R. S.; Hofmann, S.; de Jonge, N. Graphene Liquid
758 Enclosure for Single-Molecule Analysis of Membrane Proteins in
759 Whole Cells Using Electron Microscopy. ACS Nano 2017, 11 (11),
760 11108−11117.

(59)761 Mohanty, N.; Fahrenholtz, M.; Nagaraja, A.; Boyle, D.; Berry,
762 V. Impermeable Graphenic Encasement of Bacteria. Nano Lett. 2011,
763 11 (3), 1270−1275.

(60)764 Peckys, D. B.; de Jonge, N. Liquid Scanning Transmission
765 Electron Microscopy: Imaging Protein Complexes in their Native
766 Environment in Whole Eukaryotic Cells. Microsc. Microanal. 2014, 20
767 (2), 346−365.

(61)768 Peckys, D. B.; de Jonge, N. Visualizing Gold Nanoparticle
769 Uptake in Live Cells with Liquid Scanning Transmission Electron
770 Microscopy. Nano Lett. 2011, 11 (4), 1733−1738.

(62)771 Dukes, M. J.; Peckys, D. B.; de Jonge, N. Correlative
772 Fluorescence Microscopy and Scanning Transmission Electron
773 Microscopy of Quantum-Dot-Labeled Proteins in Whole Cells in
774 Liquid. ACS Nano 2010, 4 (7), 4110−4116.

(63)775 Peckys, D. B.; Veith, G. M.; Joy, D. C.; de Jonge, N. Nanoscale
776 Imaging of Whole Cells Using a Liquid Enclosure and a Scanning
777 Transmission Electron Microscope. PLoS One 2009, 4 (12), e8214.

(64)778 de Jonge, N.; Peckys, D. B.; Kremers, G. J.; Piston, D. W.
779 Electron Microscopy of Whole Cells in Liquid with Nanometer
780 Resolution. Proc. Natl. Acad. Sci. U. S. A. 2009, 106 (7), 2159−2164.

(65)781 Liv, N.; van Oosten Slingeland, D. S. B.; Baudoin, J.-P.; Kruit,
782 P.; Piston, D. W.; Hoogenboom, J. P. Electron Microscopy of Living
783 Cells During in Situ Fluorescence Microscopy. ACS Nano 2016, 10
784 (1), 265−273.

(66)785 Hirano, K.; Kinoshita, T.; Uemura, T.; Motohashi, H.;
786 Watanabe, Y.; Ebihara, T.; Nishiyama, H.; Sato, M.; Suga, M.;
787 Maruyama, Y.; et al. Electron Microscopy of Primary Cell Cultures in
788 Solution and Correlative Optical Microscopy Using ASEM. Ultra-
789 microscopy 2014, 143, 52−66.

(67)790 Nishiyama, H.; Suga, M.; Ogura, T.; Maruyama, Y.; Koizumi,
791 M.; Mio, K.; Kitamura, S.; Sato, C. Atmospheric Scanning Electron
792 Microscope Observes Cells and Tissues in Open Medium Through
793 Silicon Nitride Film. J. Struct. Biol. 2010, 169 (3), 438−449.

(68)794 Ogura, T. Direct Observation of Unstained Biological
795 Specimens in Water by the Frequency Transmission Electric-Field
796 Method Using SEM. PLoS One 2014, 9 (3), e92780.

(69)797 Ogura, T. Nanoscale Analysis of Unstained Biological
798 Specimens in Water without Radiation Damage Using High-
799 resolution Frequency Transmission Electric-field System Based on
800 FE-SEM. Biochem. Biophys. Res. Commun. 2015, 459 (3), 521−528.

(70)801 Okada, T.; Ogura, T. Nanoscale Imaging of Untreated
802 Mammalian Cells in a Medium with Low Radiation Damage Using
803 Scanning Electron-assisted Dielectric Microscopy. Sci. Rep. 2016, 6,
804 29169.

(71)805 Han, Y.; Nguyen, K. X.; Ogawa, Y.; Park, J.; Muller, D. A.
806 Atomically Thin Graphene Windows That Enable High Contrast
807 Electron Microscopy without a Specimen Vacuum Chamber. Nano
808 Lett. 2016, 16 (12), 7427−7432.

(72)809 Stokes, D. J. Principles and Practice of Variable Pressure/
810 Environmental Scanning Electron Microscopy (VP-ESEM); John Wiley
811 & Sons, Ltd.: Chichester, 2008.

(73)812 ESEM Home Page − ESEM Science and Technology. www.
813 danilatos.com (accessed 2021-08-27); see also references therein.

(74) 814Donald, A. M. The Use of Environmental Scanning Electron
815Microscopy for Imaging Wet and Insulating Materials. Nat. Mater.
8162003, 2 (8), 511−516.

(75) 817Bogner, A.; Thollet, G.; Basset, D.; Jouneau, P. H.; Gauthier, C.
818Wet STEM: A New Development in Environmental SEM for Imaging
819Nano-Objects Included in a Liquid Phase. Ultramicroscopy 2005, 104
820(3−4), 290−301.

(76) 821Bogner, A.; Jouneau, P. H.; Thollet, G.; Basset, D.; Gauthier, C.
822A History of Scanning Electron Microscopy Developments: Towards
823“Wet-STEM” Imaging. Micron 2007, 38 (4), 390−401.

(77) 824Jornsanoh, P.; Thollet, G.; Ferreira, J.; Masenelli-Varlot, K.;
825Gauthier, C.; Bogner, A. Electron Tomography Combining ESEM
826and STEM: A New 3D Imaging Technique. Ultramicroscopy 2011,
827111 (8), 1247−1254.

(78) 828Grzelak, D.; Szustakiewicz, P.; Tollan, C.; Raj, S.; Král, P.;
829Lewandowski, W.; Liz-Marzán, L. M. In Situ Tracking of Colloidally
830Stable and Ordered Assemblies of Gold Nanorods. J. Am. Chem. Soc.
8312020, 142 (44), 18814−18825.

(79) 832Kunstmann-Olsen, C.; Belic,́ D.; Bradley, D. F.; Grzelczak, M.
833P.; Brust, M. Humidity-Dependent Reversible Transitions in Gold
834Nanoparticle Superlattices. Chem. Mater. 2016, 28 (9), 2970−2980.

(80) 835Kunstmann-Olsen, C.; Belic, D.; Brust, M. Monitoring Pattern
836Formation in Drying and Wetting Dispersions of Gold Nanoparticles
837by ESEM. Faraday Discuss. 2015, 181, 281−298.

(81) 838Novotny,́ F.; Wandrol, P.; Prosǩa, J.; Šlouf, M. In Situ
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