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Introduction: Intracellular delivery of molecules is central to applications in biotechnology, 
medicine, and basic research. Nanoparticle-mediated photoporation using carbon black 
nanoparticles exposed to pulsed, near-infrared laser irradiation offers a physical route to 
create transient cell membrane pores, enabling intracellular delivery. However, nanoparticle- 
mediated photoporation, like other physical intracellular delivery technologies, necessitates 
a trade-off between achieving efficient uptake of exogenous molecules and maintaining high 
cell viability.
Methods: In this study, we sought to shift this balance by adding serum to cells during 
nanoparticle-mediated photoporation as a viability protectant. DU-145 prostate cancer cells 
and human dermal fibroblasts were exposed to laser irradiation in the presence of carbon 
black (CB) nanoparticles and other formulation additives, including fetal bovine serum 
(FBS) and polymers.
Results: Our studies showed that FBS can protect cells from viability loss, even at high- 
fluence laser irradiation conditions that lead to high levels of intracellular delivery in two 
different mammalian cell types. Further studies revealed that full FBS was not needed: 
viability protection was achieved with denatured FBS, with just the high molecular weight 
fraction of FBS (>30 kDa), or even with individual proteins like albumin or hemoglobin. 
Finally, we found that viability protection was also obtained using certain neutral water- 
soluble polymers, including Pluronic F127, polyvinylpyrrolidone, poly(2-ethyl-2-oxazoline), 
and polyethylene glycol, which were more effective at increased concentration, molecular 
weight, or hydrophobicity.
Conclusion: Altogether, these findings suggest an interaction between amphiphilic domains 
of polymers with the cell membrane to help cells maintain viability, possibly by facilitating 
transmembrane pore closure. In this way, serum components or synthetic polymers can be 
used to increase intracellular delivery by nanoparticle-mediated photoporation while main
taining high cell viability.
Keywords: drug delivery, carbon black nanoparticle, photoporation, polymer, cell viability

Introduction
Intracellular delivery of molecules is of widespread interest for a variety of applica
tions including genetic manipulation of cells, delivery of drugs with intracellular 
targets, bio-imaging, and molecular biology studies.1,2 The plasma membrane, 
which is made of phospholipids that are amphipathic3 and block the transmembrane 
movement of compounds into cells, offers significant resistance to intracellular 
delivery. There are bulk transport mechanisms, eg, endocytosis4 that move material 

Correspondence: Mark R Prausnitz  
Ford Environmental Science & Technology 
Building, 311 Ferst Drive NW, Atlanta, 
GA, 30332, USA  
Tel +1 404 894-5135  
Fax +1 404 894-2291  
Email prausnitz@gatech.edu

International Journal of Nanomedicine 2021:16 3707–3724                                               3707
© 2021 Kumar et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 17 February 2021
Accepted: 12 April 2021
Published: 31 May 2021

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-8940-8237
http://orcid.org/0000-0002-5566-0845
http://orcid.org/0000-0002-9076-8448
mailto:prausnitz@gatech.edu
http://www.dovepress.com/permissions.php
https://www.dovepress.com


across the cell membrane; however, these active-transport 
pathways often damage the material being delivered, due 
to pH change and enzymatic degradation in endosomes, 
thereby disrupting and/or completely preventing interac
tion with target molecule(s) in desired form.5,6

Numerous technologies have been developed to facil
itate intracellular delivery of molecules. Researchers have 
explored biological (eg, viral vectors),7 chemical (eg, 
polymeric and particulate vectors)8 and physical (eg, 
microinjection, gene gun, sonoporation, electroporation)9 

methods to design efficient intracellular delivery pro
cesses. Although these methods can be effective, concerns 
remain regarding immunogenicity, toxicity, limited effi
ciency, low cell viability, and restricted application.7,10

Nanoparticle-mediated photoporation provides an alter
native to current delivery methods. When a suspension of 
nanoparticles, such as carbon black (CB), with cells and 
drug molecules gets irradiated by a laser beam, the nano
particles absorb energy delivered by laser and dissipate it 
as heat and photoacoustic waves as well as fluid flow. This 
concentrated release of energy from the nanoparticles is 
believed to create transient pores in cell membranes, 
allowing molecules to pass into the cytosol without killing 
the cell.11–13 Additional nanoparticle materials such as 
nanotubes, gold and others have also been used in the 
context of photothermal ablation, imaging and drug deliv
ery, however with varied efficiencies.14–16

Previously, researchers performed studies to elucidate 
the mechanism involved during photoporation and opti
mize the process for efficient intracellular 
delivery.12,13,15,17–19 However, large percentages of 
cells become non-viable at higher laser fluence due to 
irreversible cell damage.18 Increased viability loss is 
common with physical delivery methods that apply 
external stress to cell membranes to create transient 
pores.20,21 Irreversible cell damage can have applications 
in targeted ablation of undesirable tissues such as can
cerous tumors.22 However, cell viability loss becomes 
disadvantageous for intracellular delivery applications 
meant for research, diagnostic, or therapeutic purposes. 
Most mitigation strategies revolve around using lower 
laser fluence or reducing external stress exposure dura
tion, which can limit the percentage of cells with mole
cular uptake.

Therefore, to increase the percentage of cells with 
molecular uptake at high laser fluence in nanoparticle- 
mediated photoporation, we propose using serum as 
a cell viability protection additive. This is relevant not 

only to in vitro scenarios where serum can be added, but 
also to in vivo settings where extracellular fluid may 
resemble serum. We hypothesize that the presence of 
serum in cell suspension media during photoporation 
will increase percentages of viable cells resulting in 
higher intracellular uptake. Fetal bovine serum (FBS) 
has previously been used to protect cell viability against 
fluid mechanical damage in bioreactors23,24 and during 
electroporation,25 as well as to increase drug delivery 
efficiency in other contexts,26,27 and thus has promise as 
a viability protection additive. Cellular viability loss has 
been a common issue for large-scale suspension cell 
culture in sparged and agitated bioreactors since the 
1960s.28 Observed cell damage was attributed to 
increased local shear near the cell membrane, caused 
by bubble breakup at the free surface of these bioreac
tors and draining foams.28 FBS and certain polymers 
were thus introduced as viability protective agents 
against the shear damage seen in suspension cell culture. 
However, these mechanisms of energy transfer and cell 
damage differ from nanoparticle-mediated 
photoporation.

Hence, this study was designed to investigate the effect 
of serum addition in cell suspension media during photo
poration and further explore the physical and biochemical 
interactions brought about by serum introduction.

Materials and Methods
Cell Preparation
DU145 human prostate carcinoma cells (American Type 
Culture Collection, Manassas, VA) were grown in tissue 
culture flasks with cell media containing Roswell Park 
Memorial Institute (RPMI) 1640 medium (Cellgro, 
Herndon, VA), with 10% v/v FBS (Corning, Palo Alto, 
CA) and 10 mL penicillin-streptomycin (Cellgro). Human 
dermal fibroblast cells (Thermo Fisher Scientific, 
Waltham, MA) were grown in tissue culture flasks contain
ing Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Gibco, Dublin, Ireland), supplemented with 10% v/v 
FBS and 1% v/v P/S. Each cell type was incubated at 
37° C, 5% CO2, and 98% relative humidity levels during 
the growth period. Cells were cultured at 85% confluency 
using 0.25% trypsin/EDTA (Cellgro). After harvesting, 
DU145 cells were suspended in RPMI and human dermal 
fibroblast cells were suspended in DMEM (unless other
wise mentioned) at a concentration of 106 cells/mL.
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Nanoparticle Dispersion Preparation
CB nanoparticle dispersions were prepared by adding 25 
nm diameter CB nanoparticles (Black Pearls 470, Cabot, 
Boston, MA) at a concentration of 400 mg/L to DI water 
containing 0.013% (v/v) Tween-80 (Sigma-Aldrich, 
St. Louis, MO) to enhance solution stability (ie, prevent 
particle aggregation for a homogeneous dispersion). The 
solution was first sonicated for 35 min in an ultrasonic 
water bath (FS3OH, Fisher Scientific, Pittsburg, PA) and 
then with an ultrasonic needle for 1 min (Sonics Ultracell, 
Sonics & Materials, Newton, CT). CB nanoparticles tend 
to aggregate in aqueous dispersions and thus the final 
aggregate diameter was measured to be 195 nm using 
dynamic light scattering (DLS) measurements (ZetaSizer 
Nano, Malvern Instruments, Malvern, UK).

Cell Suspension Media Preparation
Cell suspension media were prepared by adding FBS, 
bovine serum albumin (BSA), hemoglobin, polyethylene 
glycol (PEG, 10000–600000 Mw), poly 
(N-(2-hydroxypropyl) methacrylamide) (PHPMA, 47500 
Mw), polyvinylpyrrolidone (PVP, 10000–360000 Mw), 
poly(2-ethyl-2-oxazoline) (PEOX, 50000 Mw), or 
Pluronic F127 (Sigma Aldrich, St. Louis, MO) in RPMI. 
The polymer solutions were sonicated in a water bath for 5 
min before use to dissolve and homogenize the polymer 
solution. After this, cells were added to the polymer solu
tion immediately after harvesting to make a suspension of 
cells at a concentration of 106 cells/mL.

FBS Protein Denaturation
Denatured protein suspensions were prepared in two ways. 
Using thermal denaturation, FBS solution was heated in 
a water bath at temperature of 100° C for 60 min.29 Via 
mechanical denaturation using ultrasonic needle (Sonics 
Ultracell, Sonics & Materials, Newton, CT), FBS solution 
was sonicated for 40 rounds of sonication with 5 pulses of 
1 sec (at 20 kHz, delivering maximum of 50 Watts power) 
in each round followed by 1 min of incubation period at 
ambient temperature.30 Both were then added to RPMI to 
prepare appropriate concentrations of FBS solution.

Exposure Sample Preparation and Laser 
Exposure
Exposure samples were prepared by mixing 520 µL of 
DU145 cells (106/mL) suspended in RPMI or other cell 
suspension media mentioned above, 37 µL of 400 mg/L 

CB dispersion, and 5.5 µL of 1 mM calcein (Molecular 
Probes, Eugene, OR) solution in a 1.5 mL Eppendorf tube. 
The final CB nanoparticle concentration was 26.3 mg/L 
and the calcein concentration was 10 μM. Samples were 
stored in ice baths to reduce endocytosis/cellular activity 
before and after laser exposure.

Samples were all prepared at the same time, and then 
sequentially exposed to laser irradiation within 2–3 h after 
sample preparation. To perform laser irradiation, cell sam
ples were transferred to a 2 mm wide and 21 mm diameter 
cylindrical Pyrex glass cuvette (37-PX-2, Starna Cells, 
Atascadero, CA) for laser exposure. An Nd:YAG solid- 
state laser (Continuum PowerLite II Plus, Continuum, San 
Jose, CA) was used to apply 5–9 ns pulses of 1064 nm 
wavelength at a frequency of 10 Hz for a duration of 1 
min. Laser fluence was varied between 25 and 88 mJ/cm2. 
Samples were exposed to a 21 mm diameter laser beam, 
which irradiated the whole surface with a flat top (ie, 
uniform) energy profile. Immediately after exposure, sam
ples were transferred back to the Eppendorf tubes and 
stored on ice for up to 2 h before analysis was complete. 
When serum was added after laser exposure, the cell, CB 
nanoparticle and calcein concentrations were the same as 
in other experiments, and were diluted by addition of 10% 
serum after laser exposure.

Negative controls in the form of “sham” exposures were 
samples containing cells, CB nanoparticles, and calcein that 
experienced the same handling and procedures minus the 
laser exposure. To label non-viable cells post laser- 
irradiation, propidium iodide (PI) (Invitrogen, Grand Island, 
NY) was added at a final concentration of 13.4 μM and 
incubated for 10 min on ice. Cell samples were then centri
fuged at 500 g for 6 min and washed with phosphate buffer 
saline (PBS) three times to remove excess calcein from the 
bulk solution before analysis. During this process, cells 
remained suspended with CB nanoparticles and calcein mole
cules from initial sample preparation until being washed with 
PBS before flow cytometry analysis, which totaled 2–4 h.

Data Collection
Cells were analyzed using a bench-top flow cytometer (BD 
Accuri, BD Biosciences, San Jose, CA) to quantify bio- 
effects in terms of cell viability (based on red PI fluores
cence) and intracellular uptake (based on green calcein 
fluorescence). Calcein fluorescence was measured using 
a 530/28 nm bandpass filter with excitation at 488 nm 
and PI fluorescence was measured using a 670 nm long
pass filter with excitation at 535 nm. Cell samples were 
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run at a constant flow rate of 35 μL/min for 1 min. Cells 
with calcein fluorescence greater than a threshold deter
mined in sham cells incubated in calcein and PI but not 
exposed to laser irradiation were considered to have intra
cellular uptake; the threshold was selected such that <5% 
of cells in sham samples were above the threshold. Cells 
with PI fluorescence greater than that observed in sham 
cells were considered to be non-viable.

A negative control containing only cells in RPMI was 
used to construct a cell population gate in the forward- 
scattered and side-scattered analyses. Cells within this gate 
were considered to be intact cells. To account for possible 
cell loss due to cell fragmentation (appearing as low for
ward-scatter and low side-scatter events on the flow cyt
ometer), the difference between the number of viable plus 
non-viable intact cells detected in a given sample and the 
number of viable cells detected in sham samples was taken 
as the number of cells lost to fragmentation. The following 
equations were used to characterize the populations of 
different types of cells determined by flow cytometry.

% viable cells ¼
viable cell countð Þsample

viable cell countð Þsham
� 100%

% uptake cells ¼
uptake cell countð Þsample

viable cell countð Þsham
� 100%

% non � viable cells ¼
non � viable cell countð Þsample

viable cell countð Þsham
� 100%

%deadcells ¼
viablecellcountð Þsham � viablecellcountð Þsample

viablecell; countð Þsham
� 100%

% fragmented cells ¼ % dead cells � % non � viable cells 

where a “cell” is an event on the flow cytometer with light 
scattering characteristics consistent with cells as deter
mined in untreated cell samples, “uptake cells” are cells 
with fluorescence greater than the threshold value, “non- 
viable cells” are cells with propidium iodide staining, 
“viable cells” are cells without propidium iodide staining, 
“fragmented cells” are cells that no longer appear as cells 
on the flow cytometer (ie, accounted for as described 
above) and “dead cells” are the sum of non-viable cells 
and fragmented cells. The subscript “sham” refers to 
samples that received a sham exposure as described 
above and the subscript “sample” refers to sample 

exposure to laser irradiation. The viable cell count in 
sham samples was typically >95% of the cells and the 
uptake cell count in sham samples was typically <5% of 
the cells, irrespective of the presence of serum, polymers 
of other additives.

Data Analysis
A minimum of 3 replicates were used for each experimen
tal condition. Mean and standard error of the mean (SEM) 
were calculated using the three replicates. One-way ana
lysis of variance (ANOVA, α = 0.05) was performed to 
compare three or more experimental conditions using 
GraphPad Prism 8 (GraphPad Software, La Jolla, CA) 
followed by post-hoc Tukey’s pairwise comparison. 
A value of p < 0.05 was considered statistically significant.

Results
Effects of Serum Addition on Cellular 
Bio-Effects During Photoporation
To evaluate the effect of serum on nanoparticle-mediated 
photoporation, cells were suspended in RPMI alone or 
RPMI containing up to 15% v/v FBS in the presence of 
CB nanoparticles and calcein, and then exposed to nano
second-pulsed laser. Using flow cytometry, cells were 
found to fall into one of four categories with increasing 
degrees of bio-effects: viable cells with little or no intra
cellular uptake of the marker (ie, no fluorescent staining); 
viable cells containing the uptake marker (ie, green fluor
escence of calcein, but no red fluorescence of PI), here
after referred to as uptake cells; non-viable cells (ie, red 
fluorescence of PI); and fragmented cells (ie, cells identi
fied as “lost” based on reduced cell concentration; see 
Materials and Methods section). We interpret all cells in 
the latter three groups as having bio-effects from the laser 
exposure. These bio-effects followed a continuum, where 
uptake cells had milder bio-effects, non-viable cells 
experienced stronger bio-effects, and fragmented cells 
felt the strongest bio-effects. Cells suspended in RPMI 
only (ie, in the absence of FBS) without laser exposure 
showed no significant bio-effects31 and therefore were 
used as negative control to construct a cell population 
gate for intact and fragmented cells in the forward- 
scattered and side-scattered analyses (flow cytometer).

For cells suspended in RPMI without serum, exposure 
at the lowest laser fluence (25 mJ/cm2) led to 30 ± 3% of 
cells with uptake of calcein and 10 ± 2% of non-viable or 
fragmented cells (Figure 1A). At the next higher laser 
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fluence (33 mJ/cm2), bio-effects increased, with 58 ± 6% 
of cells showing calcein uptake and 20 ± 3% of cells non- 
viable or fragmented (Tukey’s multiple comparisons test, 
p < 0.0001 for uptake, p > 0.05 for non-viable and p > 0.05 
for fragmented). At still higher laser fluence (i.e 44 mJ/ 
cm2 and above), bio-effects continued to increase, but the 
percentage of cells with calcein uptake decreased, while 
non-viable and fragmented cells increased (one-way 
ANOVA, p < 0.0001 for uptake, non-viable, and fragmen
ted cells). These findings indicate that the maximum per
centage of cells with calcein uptake was limited by loss of 
cell viability as laser-mediated bio-effects increased.

In comparison, cells suspended with FBS were able to 
maintain high viability even with increased laser fluence, 
and thereby achieved high levels of uptake (Figure 1A). 
Although laser exposure at the lowest fluence (25 mJ/cm2) 

produced a lower percentage of cells with calcein uptake 
compared to cells in RPMI alone (one-way ANOVA, p < 
0.0001), the population of cells with uptake continued to 
grow with increasing fluence until 55 mJ/cm2 (two-way 
ANOVA, p < 0.0001), after which uptake appeared to 
saturate at as much as ~80% of cells, with high cell 
viability.

For a given fluence above 25 mJ/cm2, percentages of 
viable cells increased with increasing FBS concentration 
(one-way ANOVA, p < 0.05) and percentages of non- 
viable and fragmented cells decreased with increased 
FBS concentration, to as little as ~10% non-viable cells 
with essentially no fragmented cells seen at the highest 
FBS concentration (two-way ANOVA, p < 0.0001 for both 
non-viable and fragmented cells) (Figure 1A). 
Additionally, for 15% FBS-containing media, no 

Figure 1 Changes in bio-effects due to presence of fetal bovine serum (FBS) during photoporation of DU145 cells. (A) Distribution of uptake cells, non-viable cells, and 
fragmented cells at various FBS concentrations, expressed as a volume percent of cell suspension media. The fluence in each case varied from 25 mJ/cm2 to 88 mJ/cm2. All 
samples contained 26.3 mg/L carbon black nanoparticles and 10 µM calcein, and were exposed to laser pulses for 1 min. Data are expressed as mean ± SEM based on 3 
replicates each. (B) Representative fluorescence microscopy images of DU145 cells exposed to laser at 55 mJ/cm2 fluence, that were suspended in media containing varying 
FBS concentrations. Viable cells with molecular uptake are marked by the green fluorescence of calcein. Non-viable cells were stained by propidium iodide and exhibit 
orange (red and green combined) fluorescence. White scale bars at the bottom right represent 20µm. Images are each representative of 3 independent samples.
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significant differences were observed in percentage of 
viable cells across all fluence values tested (one-way 
ANOVA, p > 0.05). Therefore, it is notable that with 
increasing FBS concentrations, the distribution of cells 
among the possible cellular outcomes shifted, so that 
increasing FBS concentration resulted in more viable 
cells with uptake and fewer non-viable or fragmented 
cells. Thus, the higher percentage of cells showing calcein 
uptake appears to be caused by the reduction of cell 
viability loss due to the presence of FBS during laser 
exposure, ie, cells that would have become non-viable 
without FBS maintained their viability and became uptake 
cells due to the protective effects of FBS.

We further found that the presence of serum in cell 
suspension media lowered the total bio-effects caused by 
photoporation at a given fluence value (two-way ANOVA, 
p < 0.05 for each fluence) (Figure 1A). At lower fluence, 
this resulted in a lower percentage of uptake, non-viable, 
and fragmented cells in the presence of serum (two-way 
ANOVA, p < 0.05). However, when laser fluence was 
increased, viability loss due to photoporation decreased 
and the percentage of cells with calcein uptake increased 
in presence of serum (two-way ANOVA, p < 0.05). At the 
highest fluence values (ie, 55–88 mJ/cm2), total bio-effects 
saturated at ~100% and there was no effect of serum 
concentration on total bio-effects (one-way ANOVA, 
p > 0.05).

These findings come from flow cytometry analysis and 
can be qualitatively corroborated with fluorescence ima
ging of laser irradiated cells suspended in varying FBS 
concentrations, as shown in Figure 1B. With the increase 
in FBS concentration, two things become noticeable in 
laser irradiated samples: the number of non-viable cells 
(stained with PI, seen in orange) decreased and the number 
of viable cells with calcein uptake (seen in green) 
increased with increase in FBS concentration. These trends 
are similar to the results generated by flow cytometry 
analysis in Figure 1A.

To test the generalizability of these findings, we also 
checked whether the cell viability protection offered by 
FBS could be seen in a different cell type. Human dermal 
fibroblast cells, suspended either in media containing no 
FBS or containing 15% v/v FBS, were exposed to laser at 
a fluence of 88 mJ/cm2 in presence of CB nanoparticles 
and calcein. As shown in Figure 2, human dermal fibro
blast cells suspended in FBS-containing media had 
a significantly higher percentage of viable cells with cal
cein uptake compared to human dermal fibroblast cells 

suspended in RPMI only (p < 0.05). This suggested that 
serum’s ability to provide cell viability protection during 
photoporation persisted in this additional cell type.

Need for FBS Presence During Laser 
Exposure for Viability Protection
To investigate whether presence of FBS was necessary 
during laser exposure to provide cell viability protection, 
10% v/v FBS was added to the cell suspension at differ
ent times before or after laser exposure (Figure 3). We 
found that time of FBS addition significantly affected 
bio-effects (one-way ANOVA, p < 0.0001 for uptake, 
non-viable, and fragmented cells). Notably, 62 ± 1% of 
cells were viable and had calcein uptake when FBS was 
added immediately before laser exposure while only 20 ± 
1% cells remained viable and had calcein uptake when 
FBS was added immediately after laser exposure 
(Tukey’s multiple comparison tests, p < 0.0001). 
Similarly, 23 ± 4% cells were non-viable and 3 ± 1% 
cells were fragmented when FBS was added immediately 
before laser exposure while 57 ± 2% of cells were non- 
viable and 19 ± 1% of cells were fragmented (Tukey’s 
multiple comparison tests, p < 0.0001) when FBS was 
added immediately after laser exposure. These data indi
cate that presence of FBS during laser exposure (ie, 
during photoporation) was important for viability 
protection.

The extent of viability protection offered by FBS when 
added immediately before laser exposure was not signifi
cantly different from the case where FBS was originally 
present in cell suspension media well before laser expo
sures (Tukey’s multiple comparison test, p > 0.05 for both 
non-viable and fragmented cells). However, it is notable 
that FBS addition immediately after laser exposure offered 
some viability protection compared to the laser exposure 
protocol without FBS at all, since a higher percentage of 
cells had uptake (Tukey’s multiple comparison tests, p < 
0.0001) and a lower percentage of cells were fragmented 
(Tukey’s multiple comparison tests, p < 0.0001) compared 
to the no-FBS case.

FBS Components Responsible for 
Viability Protection
To identify the FBS components responsible for protect
ing cell viability during photoporation, FBS was size- 
filtered using membranes with 5 kDa or 30 kDa molecular 
weight cutoffs. Figure 4 shows that bio-effects depended 
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on molecular weight of the FBS components in cell 
suspension media (one-way ANOVA, p < 0.0001 for 
uptake, non-viable, and fragmented cells). However, we 
saw no significant differences between cells suspended in 
unaltered FBS (without the molecular size cutoff), FBS 
containing only compounds above a 5 kDa cutoff, and 
FBS containing compounds only above 30 kDa cutoff 
(Tukey’s multiple comparisons test, p > 0.05). 
Additionally, no significant differences were seen 
between cells suspended without FBS, FBS containing 
only compounds below a 5 kDa cutoff, and FBS contain
ing compounds only below 30 kDa cutoff (Tukey’s multi
ple comparisons test, p > 0.05). Bio-effects from these 
conditions were all significantly different from bio-effects 
seen in three conditions with the high molecular weight 
FBS components (Tukey’s multiple comparisons test, 
p < 0.05).

Because only components of FBS greater than 30 kDa 
were needed to enable high uptake with high cell viability, we 
hypothesized that laser irradiation in the presence of albumin, 
which is the most abundant protein in serum and has 
a molecular weight of 66 kDa, would be as effective as full 
FBS. Because 10% v/v FBS contains 0.2% w/v albumin and 
0.6% w/v total protein,32 we exposed cells to laser irradiation 

in the presence of 0.2% w/v and 0.6% w/v BSA, as well as 
1% w/v BSA to further assess concentration dependence.

We found that increasing BSA concentration led to an 
increase in percentage of cells with calcein uptake (one- 
way ANOVA, p < 0.0001) and caused decrease in non- 
viable and fragmented cells (one-way ANOVA, p < 
0.0001), as seen in Figure 5A. While 81 ± 4% of cells 
lost viability (non-viable and fragmented combined) when 
cells were exposed to laser without added protein, only 53 
± 2% of cells lost viability when they were suspended in 
0.2% BSA (p < 0.0001), 39 ± 4% of cells lost viability 
when suspended in 0.6% BSA (p < 0.0001), and 31 ± 1% 
of cells lost viability when suspended in 1% BSA (p < 
0.0001). These data show that serum albumin alone was 
able to offer viability protection similar to full FBS, where 
effectiveness increased with greater albumin 
concentration.

To evaluate whether BSA is specifically needed or if 
other proteins could also offer similar protection, we 
exposed cells to laser irradiation in the presence of varying 
concentrations of hemoglobin. As shown in Figure 5B, add
ing hemoglobin during laser exposure resulted in signifi
cantly higher percentages of cells with calcein uptake 
compared to cells suspended in RPMI only (one-way 

Figure 2 Changes in bio-effects due to presence of fetal bovine serum (FBS) during photoporation of human dermal fibroblast cells. Distribution of uptake cells, non-viable 
cells, and fragmented cells at 0% and 15% v/v FBS. Laser exposure was carried out at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 mg/L carbon black 
nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 replicates each.

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S307027                                                                                                                                                                                                                       

DovePress                                                                                                                       
3713

Dovepress                                                                                                                                                           Kumar et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ANOVA, p < 0.0001). The uptake and non-viable cell per
centage did not significantly vary with increasing hemoglo
bin concentrations (one-way ANOVA, p > 0.05 for both 
uptake and non-viable cells). However, the percentage of 

fragmented cells decreased with increasing hemoglobin con
centrations (one-way ANOVA, p < 0.001). Altogether, these 
data suggest that the viability protection caused by FBS may 
be generally associated with proteins in FBS, and that other 

Figure 3 Changes in bio-effects due to addition of serum (FBS) at different times before and after photoporation of DU145 cells. Distribution of uptake cells, non-viable 
cells, and fragmented cells with 10% v/v FBS added at the beginning of the experiment (>60 min before laser), immediately before (<10 s) laser exposure, or immediately 
after (<10 s) laser exposure. Laser exposure was carried out at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 mg/L carbon black nanoparticles and 10 μM 
calcein. Data are expressed as mean ± SEM based on 3 replicates each.

Figure 4 Changes in bio-effects due to the presence of filtered fetal bovine serum (FBS) with different molecular weight cutoffs during photoporation of DU145 cells. 
Distribution of uptake cells, non-viable cells, and fragmented cells with 10% v/v FBS without alteration, with fractions above or below a (A) 5 kDa or (B) 30 kDa molecular 
weight cut off. Laser exposure was carried out at a fluence of 55 mJ/cm2 for 1 min. All samples contained 26.3 mg/L carbon black nanoparticles and 10 μM calcein. Data are 
expressed as mean ± SEM based on 3 replicates each.
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Figure 5 Changes in bio-effects due to the presence of protein during DU145 cell photoporation. Distribution of uptake cells, non-viable cells, and fragmented cells with 
0.2% w/v, 0.6% w/v or 1% w/v (A) bovine serum albumin or (B) hemoglobin. Laser exposure was carried out at a fluence of 55 mJ/cm2 for 1 min. All samples contained 
26.3 mg/L carbon black nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 replicates each.
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proteins including BSA and hemoglobin can be similarly 
protective.

Need for FBS Protein Biological Activity
To investigate whether the protective effects of serum are 
associated with protein biological activity, we conducted 
photoporation experiments with FBS proteins denatured 
through either heat or sonication. Bio-effects plotted in 
Figure 6A suggest that addition of denatured FBS proteins 
was able to significantly protect cells compared to RPMI 
only (one-way ANOVA, p < 0.0001 for uptake, non-viable, 
and fragmented cells). Additionally, no significant differ
ences in bio-effects were seen among the two denatured 
FBS suspensions or compared to full FBS suspension (one- 
way ANOVA, p > 0.05 for uptake, non-viable, and fragmen
ted cells). These results show that serum protein biological 
activity did not appear to be needed to provide similar 
viability protection as full, biologically active FBS.

Role of Viscosity
If protein biological activity was not needed, perhaps the 
increased viscosity of FBS played a role. To check this, we 
added 0.1% carboxyl methylcellulose (CMC) in RPMI to 
match the viscosity of 10% FBS media (ie, 1.28 ± 0.14 
cP). However, bio-effects after laser exposure in the vis
cous RPMI were not significantly different compared to 
RPMI with 1 cP viscosity (Tukey’s multiple comparison 
tests, p > 0.05 for uptake, non-viable, and fragmented 

cells) and resulted in significantly less uptake (Tukey’s 
multiple comparison tests, p < 0.0001) and more viability 
loss (Tukey’s multiple comparison tests, p < 0.0001) com
pared to laser exposure in FBS (Figure 6B).

Viability Protection Offered by Polymers
We next wondered if proteins were critical to the protective 
effects of serum, or if synthetic polymers could work equally 
well. To evaluate the effects of synthetic polymers on photo
poration, cells were suspended in media containing up to 1% 
w/v concentrations of five different polymers in RPMI. These 
were chosen as a representative set of polymers based on their 
prior usage in literature for cell viability protection against 
mechanical damage, by modifying the suspension media and 
cell membrane properties.33–36 Data in Figure 7 show that 
upon adding PHPMA (47500 Da), percentages of uptake 
cells, non-viable cells, and fragmented cells were not signifi
cantly different compared to samples with only RPMI (one- 
way ANOVA, p > 0.05). Adding PEG (10000 Da) increased 
the percentage of uptake cells (one-way ANOVA, p < 0.01) 
and decreased the percentage of non-viable cells (one-way 
ANOVA, p < 0.01) with increasing PEG concentration. 
However, even at the highest PEG concentration (1% w/v), 
uptake was lower (Tukey’s multiple comparison tests, p < 
0.0001) and viability loss was higher compared to 10% FBS 
(Tukey’s multiple comparison tests, p < 0.001).

Laser exposure with PVP (25000 Da), PEOX (50000 
Da), or Pluronic F127 exhibited increased percentages of 

Figure 6 Changes in bio-effects due to the presence of denatured bovine serum albumin or carboxymethylcellulose (CMC) during DU145 cell photoporation. Distribution 
of uptake cells, non-viable cells and fragmented cells with (A) fetal bovine serum (FBS) denatured by sonication or heat or (B) with CMC added to match or exceed the 
viscosity of 10% v/v FBS. Laser exposure was carried out at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 mg/L carbon black nanoparticles and 10 μM calcein. 
Viscosity was measured using a viscometer at 25°C (Brookfield DV2T, Brookfield AMETEK, Middleboro, MA). Data are expressed as mean ± SEM based on ≥3 replicates 
each.

https://doi.org/10.2147/IJN.S307027                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 3716

Kumar et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


cells with uptake (Tukey’s multiple comparisons test, p < 
0.0001) and decreased loss of viability (Tukey’s multiple 
comparisons test, p < 0.001) compared to exposure with 
RPMI alone, which is consistent with prior results using 
Pluronics.37 Only PVP showed a dependence of percen
tage of cells with uptake (one-way ANOVA, p < 0.0001) 
and viability loss (one-way ANOVA, p < 0.001) with 
increasing polymer concentration. All three polymers 
achieved uptake levels that were similar to (Tukey’s multi
ple comparisons test, p > 0.05 for PEOX) or greater than 
5% FBS (Tukey’s multiple comparisons test, p < 0.05 for 
PVP and Pluronic F127), and in some cases (ie, PVP, 
Pluronic F127) comparable to 10% or 15% FBS (Tukey’s 
multiple comparisons test, p > 0.05 for 0.6% and 1% PVP 
and Pluronic F127). We conclude that synthetic polymers 
were able to provide enhanced cell viability protection 
compared to RPMI during photoporation, although not 
all polymers performed equally well.

Polymers such as PEG, PVP and Pluronics have pre
viously been shown to offer viability protection against 
fluid-mechanical damage in bioreactors,33 allow faster cell 

growth,38 and support cell wound healing as a trauma 
therapeutic.37,39 Thus, the above results, in addition to 
literature findings, support the use of synthetic polymers 
for viability protection in wide variety of applications. 
F luo re scence  i n t ens i t y  p lo t s  (Supp lemen ta ry  
Information – Figure S1) also show that the presence of 
viability protection additive (10% FBS) does not affect the 
amount of calcein delivered due to photoporation.

Polymer Properties Governing Viability 
Protection Performance
The polymers used in this study were chosen as 
a representative set of compounds that are non-toxic to 
cells and shown in prior studies to protect cells during 
mechanical insult.33–36 However, these polymers have vary
ing properties and their ability to protect cell viability also 
varied, as shown in Figure 7. We hypothesized that the 
physical interactions between polymers (and proteins) and 
the cell membrane were responsible for viability protection, 
since intracellular uptake, as well as loss of cell viability, are 
believed to be caused during photoporation via creation of 

Figure 7 Changes in bio-effects due to the presence of synthetic polymers during DU145 cell photoporation. Distribution of uptake cells, non-viable cells and fragmented 
cells with polyethylene glycol (PEG), poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA), polyvinylpyrrolidone (PVP), poly(2-ethyl-2-oxazoline) (PEOX), or Pluronic F127 
polymers at different concentrations (w/v) compared to fetal bovine serum (FBS) at different concentrations (v/v). Laser exposure was carried out at a fluence of 55 mJ/cm2 

for 1 min. All samples contained 26.3 mg/L carbon black nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 replicates each.
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transient pores in the cell membrane. Given that creation of 
aqueous pores across the cell membrane requires creation of 
a hydrophilic pathway across the hydrophobic core of the 
lipid bilayer cell membrane,40 we explored the possibility 
that hydrophobic interactions between the polymer and the 
cell membrane were the dominant force in accelerated cell 
repair and cell viability protection.

We characterized polymer hydrophobicity on the basis of 
contact angle of water. Figure 8 shows bio-effects plotted 
against contact angle of each of the polymers used. We 
found that for each polymer at each polymer concentration, 
the percentage of uptake cells increased (one-way ANOVA, 
p < 0.0001) (Figure 8A) and the percentage of non-viable 
cells decreased (one-way ANOVA, p < 0.0001) (Figure 8B) 
with increasing polymer contact angle (ie, increasing poly
mer hydrophobicity). This correlation is consistent with our 
hypothesis that hydrophobic interactions are important to the 
protective effect of polymers on cells during photoporation 

and with prior studies examining the role of surface tension 
in bubble-mediated cell damage.41

We also studied the effect of polymer molecular weight 
by adding 10 kDa–600 kDa PEG, as well as 10 kDa–360 
kDa PVP, in cell suspension media during photoporation, 
to examine the effects of polymer molecular weight on 
viability protection. We found that increasing molecular 
weight increased percentages of viable cells with calcein 
uptake (one-way ANOVA, p < 0.0001) (Figure 9A) while 
it decreased percentages of non-viable and fragmented 
cells (one-way ANOVA, p < 0.0001) (Figure 9B). For 
cells suspended in 10 kDa PEG, 21 ± 2% were uptake 
cells while 70 ± 5% cells lost viability. In comparison, 
cells suspended in 600 kDa PEG behaved dramatically 
differently, with 63 ± 4% of cells showing uptake 
(Tukey’s multiple comparisons test, p < 0.0001) while 29 
± 2% of cells lost viability (Tukey’s multiple comparisons 
test, p < 0.0001).

Figure 8 Changes in bio-effects as a function of contact angle of polymers present during DU145 photoporation. Percentage of (A) uptake cells and (B) non-viable + 
fragmented cells with different polymer having different contact angles: 23° for poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA); 36° for polyethylene glycol (PEG); 45° 
for poly(2-ethyl-2-oxazoline) (PEOX); 57° for polyvinylpyrrolidone (PVP); and 85° for Pluronic F127.46–49 The bio-effects data are from Figure 7. Laser exposure was carried 
out at a fluence of 55 mJ/cm2 for 1 min. All samples contained 26.3 mg/L carbon black nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 
replicates each.

Figure 9 Changes in bio-effects as a function of molecular weight of polymers present during DU145 photoporation. Percentage of (A) uptake cells and (B) non-viable + 
fragmented cells with different polymers present at a concentration of 0.2 w/v%, having different molecular weight: 10 kDa, 35 kDa, 100 kDa, 200 kDa, and 600 kDa 
polyethylene glycol (PEG); and 10 kDa, 29 kDa, 55 kDa and 360 kDa polyvinylpyrrolidone (PVP). Laser exposure was carried out at a fluence of 55 mJ/cm2 for 1 min. All 
samples contained 26.3 mg/L carbon nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 replicates each.
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These results suggest that PEG molecular weight plays 
an important role in determining its ability to provide 
viability protection during photoporation. A similar trend 
was observed for varying molecular weights of PVP pre
sent in cell suspension media during photoporation (Figure 
9). The data show that with increasing molecular weight of 
PVP in cell suspension media, the percentage of viable 
cells with calcein uptake increased (one-way ANOVA, p < 
0.0001) (Figure 9A), while percentages of non-viable and 
fragmented cells, represented as viability loss, decreased 
(one-way ANOVA, p < 0.05) (Figure 9B). Hence, the 
viability protection ability of both polymer additives 
appears to be dependent on their molecular weights.

Discussion
Protective Effects of FBS
In this study, we explored the effects of FBS addition to 
cell suspension media during nanoparticle-mediated 
photoporation for fluorescent calcein delivery into 
DU145 cells. Photoporation can cause three different bio- 
effects examined in this study: uptake of calcein into 
viable cells (uptake cells), viability loss due to photopora
tion of intact cells (non-viable cells), and viability loss due 
to fragmentation (fragmented cells). When cells were 
exposed to high laser fluence during photoporation, sig
nificant viability loss occurred due to cell death and frag
mentation. Data in Figure 1 showed that lower fluence 
caused less viability loss, but viability loss then increased 
at higher laser fluence levels. Similar results have pre
viously been observed in studies aimed at understanding 
the effects of changing photoporation parameters.18,42

However, when FBS was present in the cell suspension 
media during photoporation, total viability loss became 
lower at high fluence, which resulted in a higher percen
tage of cells with calcein uptake, compared to photopora
tion with no FBS. Although this was true for all three 
concentrations of FBS tested in the current study, higher 
FBS concentrations resulted in greater viability protection. 
Previous studies had shown no difference between the 
effects of photoporation on uptake or viability by adding 
CB nanoparticles immediately before laser exposure or 
adding the CB nanoparticles many hours earlier.14 This 
indicates that the FBS’ ability to change bio-effects should 
be unrelated to endocytosis of CB nanoparticles by cells. 
Other studies examining damaging effects of agitated and 
aerated bioreactors showed FBS concentration–dependent 
viability protection and faster growth of mammalian 

cells.23,34 In these studies, however, FBS was added to 
protect cells against fluid-mechanical damage caused by 
shear and bubble breakup. Therefore, the mechanism for 
viability protection could be different than in photopora
tion. We also found that FBS can protect viability of 
human dermal fibroblasts during photoporation and thus, 
this feature is not exclusive to a single cell type. We 
further showed that FBS must be present in cell suspen
sion media when cells are exposed to laser pulses and 
pores are formed to provide viability protection. This 
observation suggests that the presence of FBS is needed 
during cell membrane pore formation, or immediately 
thereafter, to lower viability loss.

Protective Effects of Proteins
FBS contains many proteins, hormones, enzymes, electro
lytes, carbohydrates, and other compounds that vary in 
concentration and size.32 To check for the components 
that might provide viability protection, we size-filtered 
the FBS before adding it into cell suspension media. 
Photoporation experiments showed that components 
greater than 30 kDa in size showed similar viability pro
tection as seen in full FBS-containing media. We hypothe
sized that the albumin (66 kDa) and other proteins present 
in FBS were responsible for viability protection. Data 
collected from experiments done with BSA in cell suspen
sion media during photoporation were consistent with this 
hypothesis. Moreover, we discovered that viability protec
tion ability was not exclusive to BSA proteins: hemoglo
bin proteins also protected cell viability during 
photoporation.

Albumin has been shown to have favorable bio- 
chemical interactions with cell membranes, thereby 
increasing drug delivery efficiency, in prior studies.43 

Our studies also show increased delivery efficiency due 
to FBS and BSA addition, but these increments were 
caused by decreases in viability loss. However, compar
able delivery enhancement and viability protection were 
seen, even when FBS proteins were denatured using heat 
and sonication. Denaturing proteins should dampen their 
biological activity and thus reduce the bio-chemical inter
actions between protein molecules and cell membrane 
during pore formation. Therefore, our results suggest that 
viability protection offered by FBS might be caused by 
physical interactions between FBS protein and cells. 
A physical mechanism was reported to be the reason 
behind cell viability protection caused by serum addition 
in bioreactors.24 This protection was shown to be caused 
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by changes in cell suspension media properties such as 
viscosity.44,45 However, increasing cell suspension media 
viscosity by adding CMC failed to improve cell viability 
or calcein uptake in our studies. CMC was added to mimic 
the viscosity of representative cell suspension media that 
had shown viability protection. As presented in Figures 6, 
0.1% CMC had a viscosity measurement of 1.33 ± 0.01 cP 
which is similar to that of 10% FBS containing media 
(1.28 ± 0.14 cP). Therefore, the failure of 0.1% CMC to 
match the viability protection provided by 10% FBS, 
suggests that viscosity changes brought by FBS addition 
in cell suspension media during photoporation, had little to 
no role to play in improving percent cell viability or 
intracellular uptake.

Protective Effects of Polymers
Following our observation that viability protection offered 
by FBS during photoporation might be due to physical 
interaction between FBS proteins and cells, we explored if 
this behavior could also be seen with polymer additives. 
We chose neutral and water-soluble polymers, some of 
which had already been used in cell culture bioreactors, 
as viability protection additives. Of the five polymers 
investigated, PEG, PVP, PEOX, and Pluronic F127 
showed greater viability protection during photoporation 
than PHPMA. However, the extent of viability protection 
was observed to be different for different polymers. For 
example, the addition of 0.6 w/v% polymer in cell suspen
sion media led to intracellular delivery levels of 33 ± 7% 
for PEG, 56 ± 3% for PEOX, 69 ± 3% for PVP, and 77 ± 
13% for Pluronic F127.

Several factors could be responsible for this variation 
in viability protection. When cell membranes are porated, 
hydrophobic parts of the lipid bilayer can be exposed, 
introducing thermodynamic and biological instability.39 

We hypothesized that polymers that have hydrophobic 
components can favorably associate with exposed hydro
phobic lipid parts and help in accelerated resealing of the 
pore opening. Surface wettability studies, such as water 
contact angle, have commonly been used to determine the 
polymeric characteristics.46,47 Hence, we used water con
tact angle as a measure of hydrophobicity and found that 
percentages of uptake cells increased with increasing con
tact angle and percentages of viability loss decreased. 
Polymers with higher contact angles had higher hydropho
bicity, supporting the above hypothesis. It is important to 
note that all these polymers are considered hydrophilic 
since they are water soluble. However, each of these 

polymers can act as amphiphilic with both hydrophilic 
and hydrophobic components present in the molecular 
structure. Therefore, an increase in contact angle of 
water droplet on polymer substrate indicates an increase 
in the hydrophobic characteristics of the polymer.46–49

Pluronics have been studied previously as cell viability 
protectants and were proposed to change medium proper
ties, such as surface tension, and enhance cell membrane 
resealing after exposure to external stress.37,41,50,51 

Pluronic F127 is a triblock, non-ionic surfactant with 
a hydrophobic polypropylene glycol domain bound to 
hydrophilic PEG chains on each side. This amphiphilic 
feature allows Pluronic F127 to associate with exposed 
hydrophobic parts of porated cell membranes and lowers 
the risk of downstream damages to ionic balances and 
subcellular components.39 The significance of the amphi
philic nature of Pluronic F127 comes from a comparison 
with PEG (ie, one of the two components of the Pluronic 
F127 block co-polymer) that demonstrated the much 
superior ability of Pluronic F127 to protect cell viability 
compared to PEG. A similar analysis based on a balance 
of hydrophilic and hydrophobic properties can be made for 
PEOX and PVP, as well as BSA and hemoglobin, although 
without neat separation between hydrophilic and hydro
phobic parts in a block copolymer structure. For these 
polymers, a close relative could be polysoaps that have 
repeating units of intrinsic amphiphilic monomers and 
therefore may be additional candidates for viability 
protection.52

We also found that increasing molecular weight of 
polymers (ie, PVP and PEG) enhanced their effectiveness 
at protecting cells. We note that increasing molecular 
weight increases the hydrodynamic radius of polymers. 
For example, PEG’s hydrodynamic radius varies from 
2.8 nm for 10 kDa to 29.9 nm for 600 kDa.53 Given the 
larger size of higher molecular weight polymers, they 
should find more sites to associate with the cell membrane, 
thereby increasing the strength of interaction by polyva
lence; such molecules might more readily span and 
thereby seal the cell membrane pore opening.

In previous studies, polymers have been used as cell 
growth accelerators38 and proliferators.54 In addition, they 
have been used as membrane sealants to aid in repair and 
regeneration of damaged cell membranes.39,55 PEG, PVP, 
and Pluronic F127 have been studied along with FBS and 
BSA for almost all these applications.56 However, the 
exact mechanism of viability protection for each of these 
additives may be dependent on the molecules used, and are 
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still under investigation.33,43,45 Our data show that favor
able hydrophobic interactions of polymeric viability pro
tection additives enhance the cell’s ability to recover from 
membrane poration by either directly sealing the mem
brane pores or indirectly assisting the repair process, 
which is consistent with the hypothesis proposed in several 
relevant studies.39,55,57

Mechanistic Considerations
We have proposed that the effects of serum, proteins and 
polymers during photoporation are due to interactions of 
these materials with cells, but there are other possible 
explanations: they could affect (i) the liquid medium, 
thereby altering laser propagation to the nanoparticles or 
energy propagation from the nanoparticles to the cells, (ii) 
the nanoparticles and the way in which they absorb and 
release energy and (iii) the cells and their response to 
photoporation. It is unlikely that propagation of the laser 
beam through the medium was significantly affected by 
addition of these soluble compounds at low concentration 
that should not significantly absorb the near-infrared light. 
Likewise, we do not expect energy transduction – whether 
thermal or acoustic – through the medium would be mean
ingfully affected, as heat capacity, thermal conductivity, 
viscosity and other properties should have little or no 
significant changes by these solutes. For example, when 
we checked the effect of viscosity increase caused by 
additives, we found no significant impact on bioeffects.

It is possible that the nanoparticles were affected, 
including agglomeration, dampening of energy release 
from the nanoparticle due to a film of added compounds 
on the nanoparticle surface, or other effects. However, we 
do not think that these effects are the likely explanation for 
the observed increase in intracellular uptake while main
taining high viability. In a prior study, we looked at the 
effect of agglomerate size of CB nanoparticles and found 
that larger CB aggregates caused increased uptake but also 
decreased viability and was not associated with viability 
preservation.58 This suggests that increased aggregation of 
CB nanoparticles is not a likely explanation for the 
increased uptake with viability preservation seen here.

Moreover, when we reviewed our prior studies on 
photoporation, we found that changes to the laser input 
and the nanoparticle properties can broadly increase 
uptake. However, the uptake generally increases, peaks 
and then falls as the parameters are varied, because viabi
lity loss sets in at more aggressive conditions.11,13,14,18,59 

This trend in the prior literature is consistent with the 

findings in the present study after photoporation without 
serum or other additives (eg, Figure 1, with no FBS). 
However, when we included protein and polymer additives 
in this study, we saw a different result: increasing laser 
fluence increased uptake, which then plateaued without 
decreasing at more aggressive conditions because viability 
loss did not set in. This suggests that the effects of these 
additives were not on the process of energy transfer to the 
cell but had to do with the cell’s response to the energy 
transfer. For these reasons, we expect that there is an 
interaction between the cells and the added compounds 
that provide a protective effect. As discussed above, many 
prior studies have reached a similar conclusion that cells 
exposed to mechanical stresses (eg, from bubbles) can be 
protected by the addition of polymeric additives by 
a mechanism involving interaction with the cell mem
brane. More work will need to be done to more fully 
elucidate the mechanisms involved during photoporation 
in the presence of polymeric and other additives.

Translational Considerations
CB nanoparticle photoporation with polymeric viability- 
protecting additives may be useful for translational appli
cations. There are a variety of methods to facilitate deliv
ery of molecules to cells, and their optimization usually 
involves balancing efficient intracellular delivery with low 
loss of cell viability. Electroporation can be optimized by 
controlling electric pulses parameters, as well as modify
ing the cell medium during exposure.20,25,60 Sonoporation 
can similarly be optimized, but the sometimes violent 
nature of delivery by acoustic cavitation has resulted in 
difficulty keeping cells viable at strong conditions leading 
to efficient uptake.21 Microinjection can have very high 
delivery efficiency and cell viability, but suffers from 
extremely low throughput when injecting one cell at a 
time.61 Viral vectors and cationic lipid or polymer nano
particles have been useful to facilitate intracellular 
delivery but are generally used only for genetic material, 
like DNA and RNA.62 In general, there is not a single 
intracellular delivery method that is optimal for all cells, 
molecules and applications. We believe that the viability 
protection shown in this study makes photoporation attrac
tive alternative to the conventional delivery approaches.

Physical methods of intracellular delivery enhancement 
are often optimized by modulating energy input (eg, laser 
fluence, electric field strength, acoustic pressure), but often 
that is not enough. Changing the composition of the cell 
suspension medium provides an additional set of options 
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for further optimization, as shown in this study. The obser
vation that serum is protective of cells may mean that 
photoporation in vivo, where the cellular environment 
has proteins and other compounds that may be protective 
like serum is, could be inherently protective of cells with
out further additives. In other cases, adding inexpensive, 
routinely available and apparently otherwise-inert poly
mers like those studied here provides a simple and acces
sible approach to optimization.

Conclusion
Nanoparticle-mediated photoporation can be used for 
intracellular delivery of molecules in biotechnology, med
ical, and research applications. Physical creation of tran
sient cell membrane pores often necessitates trade-offs 
between delivery and viability loss. Through this study, 
we showed that adding FBS to cells during laser irradia
tion can lower cell viability loss at high fluence. For 
example, the percentage of viable cells increased from 
less than 25% to greater than 80% only by the addition 
of FBS at certain laser exposure conditions, which allowed 
use of more aggressive photoporation conditions that sig
nificantly increased the percentage of viable cells with 
molecular uptake—for example, from less than 20% to 
more than 80% of exposed cells. In the absence of FBS, 
no more than 60% of exposed cells exhibited intracellular 
uptake over the range of conditions studied here. The 
protective effects of FBS were seen in two different cell 
types and required FBS to be present during laser 
exposure.

To better understand the protection mechanism, we 
found that only the high molecular weight fraction (>30 
kDa) of FBS was needed for protective efficacy, and that 
denatured FBS worked just as well as fresh FBS. 
Moreover, proteins such as albumin and hemoglobin pre
sent at similar concentrations as the protein present in the 
diluted FBS used in this study were also as protective as 
FBS. Finally, polymers including Pluronic F127, PVP, 
PEOX, and PEG were able to protect cell viability to 
varying extents; their effectiveness was increased by 
higher polymer concentration and molecular weight. 
Finally, protection of cell viability correlated positively 
with polymer hydrophobicity, suggesting that hydrophobic 
interactions with exposed cell membrane pores could play 
a role in the mechanism of protection.

Altogether, these findings suggest that the observed 
cell viability protection was caused by physical interac
tions between proteins or synthetic polymers with 

amphiphilic properties. We conclude that addition of cer
tain polymers (including proteins) can protect cell viability 
during nanoparticle-mediated photoporation and thereby 
increase efficiency of intracellular delivery of molecules 
by a mechanism enhanced by increased polymer concen
tration, molecular weight, and hydrophobicity.
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