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Background and Objectives: PD‐L1 is a tumor ligand
that binds to the PD‐1 receptor on immune cells, thereby
inhibiting the antitumor immune response. The antibody
nivolumab is a PD‐1 inhibitor, Food and Drug Administration approved for systemic treatment of several aggressive cancer types. Topically applied nivolumab may
hold potential as a future strategy to treat keratinocyte
cancer, but its molecular properties preclude unassisted
topical uptake. The aim of this study was to investigate
uptake and biodistribution of topically delivered nivolumab, assisted by two physical enhancement techniques
with different delivery kinetics; ablative fractional laser
(AFL) and electronically controlled pneumatic injection (EPI).
Study Design/Materials and Methods: In vitro porcine
skin was exposed to CO2 AFL (20 mJ/mb, 5% density), followed by passive diffusion of nivolumab in a Franz cell (1 mg/
ml, 18 hours, n = 6) or treated with EPI (4 bar) for immediate
delivery of nivolumab (1 mg/ml, 10 minutes, n = 6). The resulting nivolumab skin concentrations were quantified by
enzyme‐linked immunosorbent assay (ELISA) at three skin
depths (100, 500, and 1500 µm), comparing the uptake from
assisted delivery with intact skin. Biodistribution of nivolumab in the skin for all interventions was visualized by
laser ablation‐inductively coupled plasma‐mass spectrometry (LA‐ICP‐MS) and fluorescence microscopy.
Results: Delivery of nivolumab by AFL‐assisted passive
diffusion and immediate EPI both resulted in significantly
enhanced uptake of nivolumab in all skin depths compared
with intact skin (P < 0.05). With AFL, nivolumab concentrations reached 86.3 µg/cm3 (100 µm), 105.8 µg/cm3
(500 µm), and 19.3 µg/cm3 (1500 µm), corresponding to
2–10% of the applied concentration, with the highest deposition in the mid dermis. Immediate EPI delivered
429.4 µg/cm3 (100 µm), 584.9 µg/cm3 (500 µm), and 295.9 µg/
cm3 (1500 µm) into the skin, corresponding to 29–58% of
the applied nivolumab concentration. From qualitative
visualization of the biodistribution, it appeared that nivolumab distributed in a horizontal and continuous homogenous band in the upper and mid dermis through AFL‐
exposed skin, whereas EPI‐delivery showed a deep focal
deposition extending into the deep dermis.
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Conclusions: AFL‐assisted passive diffusion and immediate EPI‐assisted delivery show the potential to deliver
therapeutic antibodies locally. Future in vivo and pharmacokinetic studies would reveal the full potential for
topical antibody delivery by energy‐based devices. Lasers
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INTRODUCTION
The introduction of antibody‐based immunotherapy has
significantly improved survival in patients with advanced
cancers [1–4]. A key immunotherapeutic target is the
immune checkpoint programmed cell death‐1 (PD‐1) and
its ligand, programmed cell death‐ligand 1 (PD‐L1). Many
tumors express PD‐L1, which binds to PD‐1 receptors on
immune cells such as T cells and thereby inhibits the
antitumor immune response [5]. Antibodies targeting
PD‐1 inhibit this checkpoint function, thus enabling the
induction of an antitumor immune response [5,6].
In recent years, immunotherapy has gained attraction
in dermatology and several immune checkpoint inhibitors have been Food and Drug Administration (FDA)
approved. A number of immune checkpoint inhibitors,
including nivolumab, cemiplimab, pembrolizumab, avelumab, and ipilimumab have been approved for first‐ or
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second‐line treatment of advanced or incurable skin
cancers, including malignant melanoma, Merkel cell
carcinoma, and squamous cell carcinoma (SCC) [1,7]. So
far, cemiplimab is the only FDA‐approved anti‐PD‐1
antibody for the treatment of advanced and metastasizing SCC [1], and a few trials on anti‐PD‐1 in advanced
basal cell carcinoma (BCC) are ongoing (trial IDs:
R2810‐ONC‐1620 and S1609). In the treatment of keratinocyte cancer, including BCC and SCC, the use of
systemically administered nivolumab is limited due to
severe side effects [8,9]. Topical delivery of nivolumab
for keratinocyte cancers may attenuate systemic toxicity
and thus represent a more targeted and safe treatment
strategy.
Energy‐based devices may serve as a modality to deliver drugs that are otherwise unable to cross the skin
barrier. Laser‐assisted drug delivery (LADD) using an
ablative fractional laser (AFL) is a well‐described
energy‐based method to improve topical dermatological
treatments for skin diseases [10,11]. By passive diffusion
through fractionally ablated channels, drugs permeate
skin layers with minimal systemic absorption, thereby
reducing systemic side effects. LADD has facilitated
topical drug uptake of multiple smaller anticancer
agents such as 5‐fluorouracil (130 Da) [12], cisplatin
(300 Da) [13], vismodegib (431 Da) [14], methotrexate
(455 Da) [15], and bleomycin (1415 Da) [16]. Unassisted
drug penetration through the stratum corneum is primarily dependent on the molecular weight and water
solubility of the drug, where large and hydrophilic drugs
show negligible permeability [11,17]. Although nivolumab is a large hydrophilic molecule—approximately
100 times larger than bleomycin—molecules of similar
molecular weight such as botulinum toxin A [18] and
anti‐CD29 antibodies [19] have been delivered through
laser‐processed skin. More than 20 clinical studies using
LADD to improve the treatment of keratinocyte cancers
have been published, overall reporting promising results [20,21].
Electronically controlled pneumatic injection (EPI) is
an energy‐based topical drug delivery technique with a
delivery kinetic that differs from AFL‐assisted passive
diffusion [22]. EPI resembles a needle injection, hence
offering immediate drug delivery, though less painful
and less operator‐dependent than intra‐cutaneous
needle injection [23]. The technique is based on air
pressure, which by immediate force delivers a predefined
volume of the drug into the skin. EPI has previously been
used for the treatment of acne scars [24] and palmar
hyperhidrosis [25]. There are only a few studies, mainly
case reports, on EPI for the treatment of keratinocyte
cancers [23,26].
This study aims to investigate the uptake and biodistribution of topically delivered nivolumab by AFL‐
assisted passive diffusion and immediate EPI, two
energy‐based devices with different delivery kinetics.
Cutaneous drug delivery is quantified in three specific
skin depths, and drug biodistribution is further explored
and visualized by two imaging techniques.

MATERIALS AND METHODS
Study Design
The impact of AFL‐assisted passive diffusion in a Franz
cell model and immediate EPI‐assisted cutaneous delivery on topical uptake of nivolumab was investigated in
an in vitro porcine study. Interventions included EPI with
a 10‐minute assay time (n = 6) as well as AFL (n = 6) and
untreated control samples (n = 6) with an 18‐hour assay
time. At the end of the assays, the cutaneous nivolumab
concentrations were quantified by enzyme‐linked immunosorbent assay (ELISA) in horizontal skin sections at
specific skin depths of 100, 500, and 1500 µm. Fluorescence microscopy and laser ablation inductively coupled plasma‐mass spectrometry (LA‐ICP‐MS) was used in
order to visualize the cutaneous uptake and biodistribution of nivolumab on vertical skin sections (n = 2).
Skin Preparation
Immediately after euthanasia, flank skin from two female pigs (32 and 43 kg) was excised in full‐thickness,
trimmed for hair and subcutaneous fat, cut into 3 × 3 cm
squares, and stored at −80°C for up to 3 months. At study
initiation, the skin was thawed at room temperature.
AFL‐Assisted Passive Diffusion
AFL treatment was performed with a fractional
10600 nm CO2‐laser (Ultra‐pulse, DeepFx handpiece;
Lumenis Inc., Yokneam Illit, Isreal) at 20 mJ/microbeam
(mb), 5% density, covering 10 × 10 mm. Immediately after
AFL‐exposure, laser‐exposed skin and control samples
were mounted in a previously described Franz cell diffusion model (PermeGear Inc., Hellertown, PA, USA) [13].
The receiver chambers contained 5.5–5.9 ml phosphate‐
buffered saline (PBS, pH 7.4, 37°C) or Milli‐Q water.
Donor chambers were loaded with 0.5 ml isotonic saline
solution containing 0.5 mg nivolumab (Opdivo; Bristol‐
Myers Squibb, New York City, NY, USA). Diffusion time
was 18 hours, where after 8 mm punch biopsies were collected and stored at −80°C. Horizontal cryosections
(30 µm) were prepared (TissueTek O.C.T Compound;
Sakura Finetek Europe B.V., Alphen aan den Rijn, the
Netherlands) at skin depths 100, 500, and 1500 µm.
In addition, vertical sections were cut (10 µm) for bioimaging and determination of channel dimension. Median
microscopic ablation zone (MAZ) dimensions (n = 22)
had a depth of 516 µm and a width of 141 µm (ImageJ
software 1.47 v; National Institutes of Health, Bethesda,
MD, USA).
Immediate Electronically Controlled Pneumatic
Injection
Nivolumab was injected (100 µl, 1 mg/ml) with an EPI
device (EnerJet2.0; PerfAction Technologies, London,
England) at a pressure of 4 bar (50%). Ten minutes after
injection 8 mm punch biopsies were harvested, stored
at −80°C, and cryosectioned correspondingly to LADD
samples.
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Nivolumab Skin Extraction
The tissue sections were homogenized in PBS (500 µl)
for 15 minutes at 30 Hz using a Retsch MM400 mixer mill
(Retsch, Haan, Germany). Tissue homogenates were
incubated while rotating (1–2 hours), followed by
centrifugation (10 minutes, 10,000g). Supernatants were
harvested and stored at −80°C until analysis.
ELISA ‐ Nivolumab Quantification
BioSim™ Nivolumab (Opdivo®) ELISA Kit (BioVision,
Milpitas, CA, USA) was used to quantify nivolumab in the
various skin depths. The samples were prepared using the
manufacturer's protocol. Detection was done using an 800
TS Absorbance microplate reader (BioTek Instruments,
Winooski, VT, USA) at 450 nm. To obtain the exact values
in the samples, the concentrations were determined from
the kit‐based standard curve and adjusted by dilution
factor, volume of the cryosection (0.015 cm3), and amount
of sample analyzed (10 µl out of 500 µl).
Fluorescence Microscopy ‐ Visualization of
Nivolumab Biodistribution
Nivolumab was labeled with HiLyte Fluor™ 488 SE following the protocol of the manufacturer (AnaTag™ HiLyte
Fluor™ 488 Protein labeling Kit; AnaSpec, Inc., Fremont,
CA, USA). Imaging was done using an Olympus BX60 at ×4
and ×10 magnification. Exposure time was set to 1.8 seconds for the ×4 magnification and 700 milliseconds for the
×10 magnification. A U‐MU/FURA cube with a barrier
filter emitting at 515 nm and a bandpass exciter filter at
450–480 nm were used. Images were recorded with a
grayscale CCD camera and Camware software (PCO,
Kelheim, Germany). The processing of the samples was
performed in darkness to avoid fluorophore bleaching. Images were processed in ImageJ software 1.47 v (National
Institutes of Health, Bethesda, MD, USA).
Dysprosium Tagging of Nivolumab
For detection with LA‐ICP‐MS, nivolumab was tagged
with the lanthanide dysprosium. The disulfide bond in the
hinge region of the antibody was reduced with 4 mM tris(2‐
carboxyethyl)‐phosphine hydrochloride (TCEP) dissolved
in Milli‐Q water +0.72 mM K2HPO4 +0.28 mM KH2PO4
(pH 6.5–7). After incubation (30 minutes, 37°C) TCEP was
removed by centrifugation (3000g, 2 minutes) to half
volume using Amicon™ Ultra Centrifugal Filter Units
(MilliporeSigma, Burlington, MA, USA) with a
molecular weight cutoff at 50 kDa. 1.5 mM 1, 4, 7,
10‐tetraazacyclododecane, 1,4, 7‐tris (acetic acid)
10‐maleimido‐ethylacetamide (mma‐DOTA) (Macrocyclics,
Plano, TX, USA) in 0.2 M ammonium acetate was added to
the reduced antibody in two centrifugation steps (3000g,
2–3 minutes). After incubation (60 minutes, 37°C), excess
mma‐DOTA was washed out by two centrifugation steps
(3000g, 2 minutes, 200–300 µl) using 0.2 M ammonium
acetate. The now conjugated antibodies were tagged
with 100 µM dysprosium dissolved in 0.2 M ammonium
acetate (pH 6.5–7). In three rounds of centrifugations
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(3000g, 2 minutes) the dysprosium solution was added to
the DOTA‐conjugated antibodies, then incubated for
30 minutes at 37°C. Subsequently, excess dysprosium was
washed out by six centrifugation steps (3000g,
2–3 minutes) using 0.2 M ammonium acetate. Tagged antibodies were recovered by 4 × 75 µl upside‐down centrifugations (1000g). Throughout the whole tagging
process, the level of protein was measured using NanoDrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA).
Finally, the dysprosium‐tagged antibodies were purified
using PD‐10 desalting columns using manufacturer's
gravity protocol with Milli‐Q water and thereafter calibrated to 1 mg/ml using the same Amicon filters as before.
The purity and tagging efficiency of the dysprosium‐
tagged nivolumab was analyzed with size exclusion chromatography coupled to ICP‐MS (SEC‐ICP‐MS). Briefly,
50 µl of the purified solution was injected on a Biobasic 300
column (Biobasic 300, 300 × 7.8, 5 µm particle size, 300 Å
pore size, Markham, ON, Canada) operated with a flow
rate of 1 ml/min and 100 mM ammonium acetate as mobile
phase. The ICP‐MS was operated in O2‐mode for optimal
sulfur (S) sensitivity as the product‐ion is 48SO [27], and
was set to monitor the following elements: 48SO, 72FeO,
55
Mn, 66Zn, 63Cu, and163Dy. As nivolumab contains
S‐bridges, the sulfur (S or 48SO) signal was viewed as a
proxy for nivolumab, where co‐elution between 48SO and
163
Dy but no other contaminating metals (i.e., Fe, Mn, Cu,
or Zn) indicated high and successful tagging efficiency
(Supplemental Figs. S1 and S2). The dysprosium signals in
the LA‐ICP‐MS images, therefore, represent reduced
nivolumab conjugated to DOTA‐163Dy.
LA‐ICP‐MS ‐ Visualization of Nivolumab
Biodistribution
Vertical skin sections were analyzed by LA‐ICP‐MS in
order to visualize the biodistribution of nivolumab tagged
with dysprosium. The LA instrument was a nanosecond LA
unit (NWR193; New wave Research, Fremont, CA, USA)
with an ArF (argon fluoride) excimer laser source at 193 nm.
The sample transfer from the LA unit to the ICP‐MS was
improved by a Dual Concentric injector (DCI; New Wave
Research, Fremont, CA, USA). The settings on the LA unit
were: energy 0.6 J/cm2 (~20% of maximum energy), scan
speed: 258 µm/s, repetition rate: 41 Hz, and spot size: 50 µm.
Signals were obtained with an Agilent 7900 ICP‐MS
(Agilent Technologies, Manchester, England), operated in
H2‐mode (2 ml/min). Core settings on the ICP‐MS were:
sample cone depth: 3.9 mm and carrier gas: 0.89 ml/min.
The analyzed isotopes were 13C, 24Mg, 39K, 34S, 163Dy, and
165
Dy with integration times of 0.1 seconds for 13C and
0.02 seconds for the rest, resulting in a scan cycle of
0.194 seconds.
Statistics
Descriptive statistics are presented as medians and
interquartile ranges. Due to the small sample size, a
nonparametric Mann–Whitney U test was used to compare nivolumab delivery in unpaired samples with exact
and two‐tailed p values. The statistical significance level
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Fig. 1. Quantification of cutaneous nivolumab concentration.
Boxplot of nivolumab concentrations presenting median and
interquartile ranges with min/max whiskers for tissue depth 100,
500, and 1500 µm for each intervention group (n = 6). The two
delivery techniques show the highest concentration in the mid
dermis (100 µm), slightly lower in the upper dermis (500 µm), and
the lowest in the deep dermis (1500 µm). AFL, ablative fractional
laser; EPI, electronically controlled pneumatic injection; IS,
intact skin. *P ≤ 0.05, **P ≤ 0.01.

was set to P ≤ 0.05. The SPSS version 25 (Released 2017,
IBM SPSS Statistics for Windows, version 25.0.; IBM
Corp., Armonk, NY, USA) was used for plotting and
statistical analysis.
RESULTS
Quantification of Nivolumab
Nivolumab concentrations were quantified in tissue
depths of 100, 500, and 1500 µm, corresponding to the
upper dermis, mid dermis, and deep dermis. The nivolumab deposition for all interventions and skin depths are
shown in Figure 1 and the statistical comparisons are
summarized in Table 1. Both AFL and EPI delivered the
highest concentrations into the mid dermis and lower
concentrations into the upper and deep dermis.
AFL‐assisted passive diffusion resulted in significantly
higher nivolumab concentrations in all tissue layers

compared with intact skin (P < 0.05). AFL delivered a
nivolumab concentration of 105.8 µg/cm3 into the mid
dermis (500 µm), corresponding to 10% of the applied
concentration. A lower nivolumab deposition of 86.3 and
19.3 µg/cm3 was observed in the upper (100 µm) and deep
dermis (1500 µm), respectively, corresponding to 8% and
2% of the applied concentration.
Delivery by immediate EPI provided a significantly
higher nivolumab concentration in all tissue depths, compared with nivolumab‐exposed intact skin (P < 0.01). The
highest concentration delivered with EPI was found in the
mid dermis (500 µm), reaching 584.9 µg/cm3, equivalent to
58% of the applied concentration. Quantification in the
upper dermis (100 µm) revealed a nivolumab concentration
of 429.4 µg/cm3, corresponding to 43% of the applied concentration. The lowest nivolumab concentration was
measured in the deep dermis (1500 µm) of 295.9 µg/cm3,
corresponding to 29% of the applied concentration.
Visualization of Nivolumab Biodistribution in
the Skin
Cutaneous deposition of nivolumab into the skin was
visualized by LA‐ICP‐MS and fluorescence microscopy
(Figs. 2 and 3), revealing distinct biodistribution patterns
for each of the two delivery techniques.
LA‐ICP‐MS provided a full overview of the whole skin
sections, demonstrating AFL‐assisted nivolumab deposition reaching a depth of approximately 1.2 mm into the
mid dermis. This was visualized as a horizontal homogeneous band of dysprosium signals across the entire biopsy,
representing dysprosium‐tagged nivolumab (Fig. 2B).
EPI‐delivery of nivolumab deposited in a deep focal pattern reaching a depth of approximately 2.9 mm and with a
sharp transition from high to undetectable levels of nivolumab (Fig. 2C). In intact skin, nivolumab was detected
only in the vicinity of the skin surface (Fig. 2A).
Fluorescence microscopy revealed in detail nivolumab
biodistribution in the skin and in relation to the laser
channels. Nivolumab distributed homogenously throughout
the tissue of AFL‐exposed skin; however, with sporadic
areas of increased nivolumab concentrations on the skin

TABLE 1. Quantification of Nivolumab Concentration by ELISA
Intervention
and time
Intact skin
18 hours

Intervention
settings

n

–

6

AFL
18 hours

20 mJ/mb
5% density

6

EPI
10 minutes

4 bar (50%)

6

Sample
type (µm)

Nivolumab concentration
(median and IQR) (µg/cm3)

100
500
1500
100
500
1500
100
500
1500

0.00 (0.0–15.7)
0.00 (0.0–0.0)
0.00 (0.0–7.2)
86.3 (81.2–113.9)
105.8 (83.0–154.3)
19.3 (13.2–20.7)
429.4 (397.9–464.6)
584.9 (523.9–649.7)
295.9 (252.0–379.0)

% of applied
concentration

P value

8
10
2
43
58
29

–
–
–
0.009
0.002
0.048
0.002
0.002
0.002

AFL, ablative fractional laser (500 µl, 1 mg/ml); ELISA, enzyme‐linked immunosorbent assay; EPI, electronically controlled pneumatic
injection (100 µl, 1 mg/ml); IQR, interquartile range.

NIVOLUMAB DELIVERY BY TWO ENERGY‐BASED DEVICES

surface and in upper and mid dermis. Furthermore, no
accumulation of nivolumab was visible in the coagulation
zones surrounding laser channels (Fig. 3C and 3D). EPI
resulted in substantial nivolumab delivery throughout the
tissue, reaching from the skin surface and well into the deep
dermis (Fig. 3E and 3F). Furthermore, it was revealed that
nivolumab did not penetrate intact skin but localized on the
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surface (Fig. 3A and 3B).
DISCUSSION
This study is, to our knowledge, the first to visualize and
quantify the biodistribution of nivolumab in the skin, delivered topically by two different energy‐based devices.
Nivolumab was successfully delivered into the dermis both
by AFL and EPI, whereas no uptake was seen across intact
skin. Both AFL and EPI delivered the highest nivolumab
concentrations into the mid dermis, slightly lower in the
upper dermis, and the lowest in the deep dermis. Visualization of nivolumab biodistribution, by two different
bioimaging techniques, revealed two distinctly different
patterns, depicting a continuous homogeneous band of nivolumab delivered by AFL‐assisted passive diffusion and a
deep focal deposition by EPI. These results demonstrate
the potential of AFL and EPI as topical delivery techniques
for therapeutic antibodies such as nivolumab. Furthermore, our results revealed the importance of performing visualization of drug biodistribution in addition to
drug quantification for an in‐depth understanding of cutaneous drug delivery.
AFL and EPI vary substantially in their delivery kinetics, where AFL‐assisted delivery is a modality that relies on increased passive diffusion of a topically applied
drug, while EPI is an injection with immediate delivery
into the skin. We found that AFL delivered approximately
10% of the applied concentration of nivolumab into the mid
dermis (500 µm). In a previous study, cutaneous delivery of
bleomycin (molecular weight: 1415 Da, logP: −7.5) reached
15% of the applied concentration using a similar AFL device with identical settings [16]. Despite an assay time of
24 hours and a molecule approximately 100 times smaller
than nivolumab, their results compare well with our findings, suggesting that LADD of hydrophilic molecules may
not be size‐restricted across a broad range of molecular
weights [16]. When using EPI, we found that up to 58% of
the applied concentration was delivered. A recent study on
biodistribution of ink delivered with EPI showed that the
penetration depth was pressure‐dependent. The ink
reached a maximum depth of 939 µm at an injection pressure of 3.9 bar [22]. We used a pressure of 4 bar and were
able to detect nivolumab to at least the depth of 1500 µm.
The deeper penetration observed in our study could be due
Fig. 2. LA‐ICP‐MS imaging illustrating enhanced cutaneous
biodistribution of nivolumab delivered by AFL and EPI. Intact
skin exposed to dysprosium‐tagged nivolumab on the skin
surface for 18 hours (A). Skin exposed to AFL‐assisted passive
diffusion of dysprosium‐tagged nivolumab for 18 hours shows a
continuous, homogenous biodistribution into epidermis and
dermis shaped like a horizontal band of nivolumab, reaching a
depth of approximately 1.2 mm (B). Skin exposed to immediate
EPI with dysprosium‐tagged nivolumab reveals a deep focal
deposition of nivolumab with a sharp transition from high to
undetectable level of nivolumab 10 minutes postinjection time.
The deep focal deposition of nivolumab reached a depth of
approximately 2.9 mm (C). AFL, ablative fractional laser; EPI,
electronically controlled pneumatic injection; LA‐ICP‐MS, laser
ablation‐inductively coupled plasma‐mass spectrometry.
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Fig. 3. Visualization of cutaneous nivolumab biodistribution by fluorescence microscopy. Intact
skin exposed to nivolumab at ×4 (A) and ×10 (B) magnification shows nivolumab on the skin
surface. Skin exposed to AFL‐assisted passive diffusion of nivolumab at ×4 (C) and ×10 (D)
magnification showing a homogenous biodistribution in epidermis and dermis with sporadic
areas of higher levels of nivolumab. Skin exposed to EPI with nivolumab at ×4 (E) and ×10 (F)
magnification shows an intense dermal deposition of nivolumab reaching from the skin surface
and throughout the entire tissue sample. AFL, ablative fractional laser; EPI, electronically
controlled pneumatic injection.

to the higher injection volume (100 µl vs. 80 µl) and the
different physical properties of the injected substances.
Even though we found a higher cutaneous uptake of
nivolumab delivered by EPI compared with AFL‐assisted
delivery, both techniques may be relevant for antibody
delivery in a clinical setting. The delivery kinetics for the
two devices are distinctly different, and direct comparison
may require more comprehensive studies that include
cutaneous pharmacokinetics. Our study investigated uptake and biodistribution for one set of device parameters
and at a single time point different for each device.
Therefore, we cannot based on these data elucidate the

impact of device settings and diffusion time on nivolumab
concentrations or retention in the skin over time. Notably,
retention of nivolumab locally in the skin may be highly
relevant, as a persistent PD‐1 inhibition may be required
for a sustained antitumor immune response. Thus, further investigations into drug kinetics and device parameters would improve our understanding of the topical
delivery of immune checkpoint inhibitors such as nivolumab by energy‐based devices.
Immune checkpoint therapy, including nivolumab, has
led to unprecedented results in the treatment of advanced
cancers [2,3,28–30]. Nivolumab has shown to improve
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overall survival with 2.6 months in patients with metastatic and recurrent SCC [2]. Case reports on nivolumab
treatment in patients with metastatic cutaneous BCC or
SCC showed clinical improvements like rapid tumor regression or near‐complete remission as well as partial
tumor response and stable disease [31,32]. In 2018, the
FDA approved the PD‐1 inhibitor cemiplimab for the
treatment of metastatic cutaneous SCC and locally advanced cutaneous SCC [4]. However, as keratinocyte
cancers are often local and nonmetastasized tumors, a
local treatment strategy leading to fewer systemic side
effects would be advantageous [33,34]. No literature exists on systemic uptake of nivolumab after laser‐assisted
topical administration, but in vivo studies on
5‐fluorouracil, cisplatin, and vismodegib show no detectable systemic uptake [35,36]. Even though these drugs
have different molecular properties from nivolumab, we
would similarly expect very limited systemic absorption of
nivolumab in vivo.
In previous studies, LADD has shown successful delivery of several smaller molecules (130–1415 Da) [12–16],
and a few studies have also described the topical delivery
of antibodies [19,37,38]. Two of these were by use of
Er:YAG lasers, one in porcine skin in vitro [19], and another into mouse skin [37]. Furthermore, two studies have
investigated the combination of AFL and anti‐PD‐1 antibody treatment of tumors in mice [38,39]. Cao et al. [38]
have applied anti‐PD‐1 antibody topically on AFL‐treated
tumors, whereas Kawakubo et al. [39] combined local AFL
and systemic anti‐PD‐1 therapy. Both studies were resulting in significant tumor reduction or clearance. Thus,
these studies confirm the rationale for local, topical LADD
of immunotherapeutic antibodies when treating keratinocyte cancers. EPI‐assisted drug delivery is less well‐
described, but two studies report promising results on
improving photodynamic therapy with aminolevulinic
acid for treatments of keratinocyte cancer [23,26]. Compared with intradermal needle injection, EPI provides a
less painful and less operator‐dependent injection [23]
and could offer a more controllable and consistent delivery.
The main strength of our study is that we combine
quantification of the drug delivery with drug visualization
using two independent imaging techniques; fluorescence
microscopy, giving a detailed view of the biodistribution,
and LA‐ICP‐MS, providing an overview of the entire
treated area. However, the stability of the lanthanide
complex should be confirmed in future studies by extracting and characterizing the complex at the end of the
study. Finally, in our study, we used porcine skin, which
resembles human skin better than mouse skin, which was
used in previous studies, investigating AFL‐assisted delivery of antibodies [11,38].
For future clinical implementation, both delivery modalities show potential; EPI provides an immediate drug
dispersion deeper than AFL, whereas AFL elicits an immune response that may synergize with anti‐PD‐1 treatment [39]. In vivo experiments are needed to explore
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cutaneous pharmacokinetics and tumor immune response
for both modalities.
Conclusion
In this in vitro study, we have shown by quantitative
analysis and qualitative bioimaging, that AFL and EPI,
two energy‐based devices with different delivery kinetics,
provided topical delivery of nivolumab into the dermis in
two distinctly different biodistribution patterns. In conclusion, AFL and EPI may both have potential as topical
delivery techniques, not only for small molecules but also
for large antibodies such as the immune checkpoint
inhibitor nivolumab.
ACKNOWLEDGMENTS
The authors want to thank Diana Høeg for technical support and tissue sectioning. The study is supported by Fabrikant Vilhem Pedersen og Hustrus Legat on the recommendation of The Novo Nordisk Foundation (Grant number
0052695), Leo Foundation (Grant number LF18045), and
Greater Copenhagen Health Science Partners.
REFERENCES
1. Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB.
Review of indications of FDA‐approved immune checkpoint
inhibitors per NCCN guidelines with the level of evidence.
Cancers (Basel) 2020;12(3):738.
2. Ferris RL, Blumenschein G, Jr., Fayette J, et al. Nivolumab
vs investigator's choice in recurrent or metastatic squamous
cell carcinoma of the head and neck: 2‐year long‐term survival update of CheckMate 141 with analyses by tumor PD‐
L1 expression. Oral Oncol 2018;81:45–51.
3. Chen A, Ali N, Boasberg P, Ho AS. Clinical remission of cutaneous squamous cell carcinoma of the auricle with cetuximab and nivolumab. J Clin Med 2018;7(1):10.
4. Migden MR, Khushalani NI, Chang ALS, et al. Cemiplimab
in locally advanced cutaneous squamous cell carcinoma: Results from an open‐label, phase 2, single‐arm trial. Lancet
Oncol 2020;21(2):294–305.
5. Chang J, Zhu GA, Cheung C, Li S, Kim J, Chang AL. Association between programmed death ligand 1 expression in
patients with basal cell carcinomas and the number of
treatment modalities. JAMA Dermatol 2017;153(4):285–290.
6. Sun C, Mezzadra R, Schumacher TN. Regulation and function of the PD‐L1 checkpoint. Immunity 2018;48(3):434–452.
7. Gibney GT, Atkins MB. Choice of first‐line therapy in
metastatic melanoma. Cancer 2019;125(5):666–669.
8. Ferris RL, Blumenschein G, Jr., Fayette J, et al. Nivolumab
for recurrent squamous‐cell carcinoma of the head and neck.
N Engl J Med 2016;375(19):1856–1867.
9. Spiers L, Coupe N, Payne M. Toxicities associated with
checkpoint inhibitors—An overview. Rheumatology (Oxford)
2019;58(Suppl 7):vii7–vii16.
10. Haedersdal M, Erlendsson AM, Paasch U, Anderson RR.
Translational medicine in the field of ablative fractional laser
(AFXL)‐assisted drug delivery: A critical review from basics
to current clinical status. J Am Acad Dermatol 2016;
74(5):981–1004.
11. Wenande E, Anderson RR, Haedersdal M. Fundamentals of
fractional laser‐assisted drug delivery: An in‐depth guide to
experimental methodology and data interpretation. Adv
Drug Deliv Rev 2019.153:169–184.
12. Wenande E, Olesen UH, Nielsen MMB, et al. Fractional
laser‐assisted topical delivery leads to enhanced, accelerated
and deeper cutaneous 5‐fluorouracil uptake. Expert Opin
Drug Deliv 2017;14(3):307–317.

8

CHRISTENSEN ET AL.

13. Wenande E, Olesen UH, Boesen MR, et al. Laser‐assisted
delivery enhances topical uptake of the anticancer agent
cisplatin. Drug Deliv 2018;25(1):1877–1885.
14. Olesen UH, Clergeaud G, Lerche CM, Andresen TL, Haedersdal M. Topical delivery of vismodegib using ablative
fractional laser and micro‐emulsion formulation in vitro.
Lasers Surg Med 2019;51(1):79–87.
15. Taudorf EH, Lerche CM, Vissing AC, et al. Topically applied
methotrexate is rapidly delivered into skin by fractional laser
ablation. Expert Opin Drug Deliv 2015;12(7):1059–1069.
16. Hendel KK, Bagger C, Olesen UH, et al. Fractional laser‐
assisted topical delivery of bleomycin quantified by LC‐MS
and visualized by MALDI mass spectrometry imaging. Drug
Deliv 2019;26(1):244–251.
17. Haedersdal M, Sakamoto FH, Farinelli WA, Doukas AG, Tam
J, Anderson RR. Fractional CO(2) laser‐assisted drug delivery. Lasers Surg Med 2010;42(2):113–122.
18. Seo HM, Choi JY, Min J, Kim WS. Carbon dioxide laser
combined with botulinum toxin A for patients with periorbital
syringomas. J Cosmet Laser Ther 2016;18(3):149–153.
19. Lapteva M, Del Rio‐Sancho S, Wu E, Carbonell WS, Bohler C,
Kalia YN. Fractional laser ablation for the targeted cutaneous delivery of an anti‐CD29 monoclonal antibody—
OS2966. Sci Rep 2019;9(1):1030.
20. Erlendsson AM, Olesen UH, Haedersdal M, Rossi AM.
Ablative fractional laser‐assisted treatments for keratinocyte
carcinomas and its precursors—Clinical review and future
perspectives. Adv Drug Deliv Rev 2020;153:185–194.
21. Ferrara F, Lacava R, Barisani A, et al. Combined CO2 laser
and photodynamic therapy enhances the efficacy of treatment of basal cell carcinomas. J Dtsch Dermatol Ges
2019;17(12):1251–1256.
22. Erlendsson AM, Haedersdal M, Rossi AM. Needle‐free injection assisted drug delivery‐histological characterization of
cutaneous deposition. Lasers Surg Med 2019;52(1):33–37.
23. Gong Y, Labh S, Jin Y, et al. Needle‐free injection of
5‐aminolevulinic acid in photodynamic therapy for the
treatment of non‐melanoma skin cancer. Dermatol Ther
2016;29(4):255–262.
24. Patel T, Tevet O. Effective treatment of acne scars using
pneumatic injection of hyaluronic acid. J Drugs Dermatol
2015;14(1):74–76.
25. Campanati A, Giuliodori K, Giuliano A, et al. Treatment of
palmar hyperhidrosis with botulinum toxin type A: Results of
a pilot study based on a novel injective approach. Arch Dermatol Res 2013;305(8):691–697.
26. Barolet D, Boucher A. No‐needle jet intradermal aminolevulinic acid photodynamic therapy for recurrent nodular
basal cell carcinoma of the nose: A case report. J Skin Cancer
2011;2011:790509.

27. Persson DP, Bang TC, Pedas PR, et al. Molecular speciation
and tissue compartmentation of zinc in durum wheat grains
with contrasting nutritional status. New Phytol 2016;211(4):
1255–1265.
28. Brahmer J, Reckamp KL, Baas P, et al. Nivolumab versus
docetaxel in advanced squamous‐cell non‐small‐cell lung
cancer. N Engl J Med 2015;373(2):123–135.
29. Borghaei H, Paz‐Ares L, Horn L, et al. Nivolumab versus
docetaxel in advanced nonsquamous non‐small‐cell lung
cancer. N Engl J Med 2015;373(17):1627–1639.
30. Lopes MLDS, Gonzaga AKG, Mosconi C, et al. Immune response and evasion mechanisms in lip carcinogenesis: An immunohistochemical study. Arch Oral Biol 2019;98:99–107.
31. Ikeda S, Goodman AM, Cohen PR, et al. Metastatic basal cell
carcinoma with amplification of PD‐L1: Exceptional response
to anti‐PD1 therapy. NPJ Genom Med 2016;1:1.
32. Blum V, Muller B, Hofer S, et al. Nivolumab for recurrent
cutaneous squamous cell carcinoma: Three cases. Eur J
Dermatol 2018;28(1):78–81.
33. Specenier P. Nivolumab in squamous cell carcinoma of the
head and neck. Expert Rev Anticancer Ther 2018;18(5):
409–420.
34. Chen L, Aria AB, Silapunt S, Migden MR. Emerging nonsurgical therapies for locally advanced and metastatic nonmelanoma skin cancer. Dermatol Surg 2019;45(1):1–16.
35. Wenande E, Tam J, Bhayana B, et al. Laser‐assisted delivery
of synergistic combination chemotherapy in in vivo skin.
J Control Release 2018;275:242–253.
36. Olesen UH, Clergeaud G, Hendel KK, et al. Enhanced and
sustained cutaneous delivery of vismodegib by ablative
fractional laser and microemulsion formulation. J Invest
Dermatol 2020;140(10):2051–2059.
37. Zhang X, Jiang H, Zhang Y, et al. Transdermal delivery of
water‐soluble fluorescent antibody mediated by fractional Er:
YAG laser for the diagnosis of lupus erythematosus in mice.
Lasers Surg Med 2019;51(3):268–277.
38. Cao Y, Kakar P, Hossen MN, Wu MX, Chen X. Sustained
epidermal powder drug delivery via skin microchannels.
J Control Release 2017;249:94–102.
39. Kawakubo M, Cunningham TJ, Demehri S, Manstein D.
Fractional laser releases tumor‐associated antigens in poorly
immunogenic tumor and induces systemic immunity. Sci Rep
2017;7(1):12751.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section at the end of the
article.

